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Summary
Mitochondria are essential for the viability of mammalian cells and pro-
vide a compartment for specic chemical reactions. Cellular respiration
{ the main mitochondrial function { is tightly connected with ROS pro-
duction: the mitochondrial electron transport chain complexes I and III
are the main ROS sources in mammalian cells. It has been reported that
complex I and complex III activities are essential for cell cycle, apoptosis
and stem cell dierentiation (Spitkovsky et al., 2004; Varum et al., 2009;
Lee et al., 2011; Ma et al., 2011; Tormos et al., 2012).
In our work, we aimed to investigate the role of mitochondrial electron
transport chain activity in the regulation of the dierentiation potential
and to unravel signaling pathways that could participate in this regula-
tion. As a model, we used the P19 pluripotent stem cell line that can
be easily dierentiated into trophoblasts, expressing intermediate la-
ments cytokeratin 8/18, and neurons, which express cytoskeleton protein
b-III-tubulin.
We rst showed that both trophoblast and neural dierentiation of P19
cells were accompanied by activation of cellular respiration. The analy-
sis of respiratory chain complexes and supercomplexes, however, showed
that undierentiated P19 cells, as well as their dierentiated derivatives,
did not dier in their respiratory machinery, including functional res-
pirasomes. While undierentiated cells did not use respiration as the
main energy source, cellular respiration was activated during dierenti-
ation, indicating that oxidative metabolism was important for ecient
dierentiation.
To investigate the potential role of mitochondrial electron transport chain
activity we monitored the inuence of a disrupted electron ow on the
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dierentiation of P19 cells. We found that the activity of complex I and
complex III inuenced the dierentiation potential of the pluripotent P19
cell line: the presence of complex I and complex III inhibitors rotenone,
antimycin A, or myxothiazol increased the amount of cytokeratin 8/18+
cells during trophoblast dierentiation, but almost completely prevented
the formation of neuron-like b-III-tubulin+ cells during neuron dierenti-
ation. Moreover, a low oxygen level (1 % O2 vs 21 % O2 in atmosphere) -
the nal electron acceptor - had the same eect on dierentiation. These
data suggest that mitochondrial electron transport chain activity con-
tributes to the regulation of dierentiation.
The presence of complex I and complex III inhibitors, as well as oxygen
scarcity, increase ROS production. We suggested that increased ROS
level could explain the observed eects. By visualizing mitochondrial su-
peroxide production with a specic dye { MitoSox { we conrmed that
rotenone, antimycin A, myxothiazol, as well as low oxygen conditions,
increased the superoxide level. These results suggest that the observed
changes of the dierentiation potential of P19 cells are associated with
ROS production. To prove this idea, we dierentiated P19 cells in pres-
ence of paraquat { a known ROS inducer. In line with our hypothesis
paraquat promoted trophoblast dierentiation. The received results sug-
gest that the mitochondrial electron transport chain activity regulates
dierentiation through the ROS level.
ROS are secondary messengers that participate in numerous processes
including cell proliferation and dierentiation. We aimed to predict the
signal pathway that connects ROS level in stem cells and their dieren-
tiation potential. For this purpose, we performed a microarray analysis
and compared the gene expression proles of cells grown under hypoxia or
in the presence of the complex III inhibitor myxothiazol with untreated
control cells. The expression analysis revealed p53 as a transcriptional
factor that impacts the dierentiation potential in treated cells. p53 is
a known redox-sensing molecule (Bigarella et al., 2014) that inuences
the dierentiation potential through cell cycle control (Maimets et al.,
2008). This observation is in line with our results and suggests that p53
may regulate the dierentiation potential of P19 cells. We are planning
to investigate the role of p53 signaling in the regulation of cell cycle and
dierentiation potential of P19 cell line.
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Chapter 1
Introduction
1.1 Stem cells
Stem cells are dened functionally by the ability for both symmetrical
and asymmetrical divisions. Symmetrical division provides self-renewal,
while asymmetrical division is the basis of potency { the capacity to
dierentiate (Reya et al. 2001). The ability for both self-renewal and
dierentiation is commonly referred to as stemness. Based on their
origin, stem cells can be classied into three groups: embryonic stem
cells (ESC), somatic stem cells (SSC) and induced pluripotent stem cells
(iPSC) (Wanet, Arnould, et al. 2015). Stem cells of dierent origin are
very diverse in their dierentiation potential (Table 1.1). The regula-
tion of stem cell proliferation and dierentiation is complex and not fully
understood.
Table 1.1: Classication of stem cells based on their dierentiation po-
tential
Potency
level
Special properties of cells Example
Totipotency Cells that can give rise to a whole
organism
Zygote
Pluripotency Cells that can give rise to any of
the three germ layer: endoderm,
mesoderm and ectoderm
ESCs; Embryonic
carcinoma cells
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Induced
pluripo-
tency
Pluripotent stem cells that are
generated from adult cells by
exogenous expression of specic
transcription factors (Takahashi
and Yamanaka 2006)
iPSCs received from
broblasts, ker-
atinocytes or blood
cells
Multipotency Progenitor cells that can dieren-
tiate in numerous cell types
Mesenchymal stem
cells
Oligopotency Progenitor cells that can dieren-
tiate in a limited number of cell
types
Vascular stem cells
that dierentiate in
endothelium or mus-
cle cells; Lymphoid
stem cells that pro-
duce blood cells
Unipotency Progenitor cells that can dieren-
tiate only in one cell type
Hepatocytes; Unipo-
tent skin cells
1.2 Factors that regulate stemness
At each division, stem cells can divide either symmetrically and propa-
gate or asymmetrically and dierentiate. The balance between symmet-
rical and asymmetrical divisions is key for embryonic development and
tissue homeostasis. The \decision" to propagate or dierentiate occurs
during the G1/S transition of the cell cycle. A short G1 phase followed
by a long S phase would induce symmetrical division. Elongation of G1
phase causes asymmetrical division, resulting in dierentiation (White
and Dalton 2005). A variety of factors { including gene expression pro-
le, epigenetic regulation, and microenvironment { regulate the cell cycle
and therefore stem cell fate during division.
1.2.1 Core transcriptional factors
Several transcriptional factors that are critically important for pluripo-
tency have been identied: Oct4 (Octomer-binding transcriptional fac-
tor 4), Sox2 ((Sex determining region Y)-box 2) and Nanog (named
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after the \The land of Youth" { Tr na h Oige { an Irish folklore super-
natural realm of eternal youth, beauty and health). Oct4 and Sox2 form
a heterodimer protein complex that is critical for embryonic development
and essential for pluripotency maintenance (Avilion et al. 2003; Nichols
et al. 1998; Niwa, Miyazaki, and Smith 2000; Rosner et al. 1990; Schoeler
et al. 1990). Expression of these two genes dedierentiates mature cell
types into iPSCs (Okita, Ichisaka, and Yamanaka 2007; Takahashi and
Yamanaka 2006). Nanog is not included in the minimal set of exogenous
factors required for iPSCs formation, but its expression is necessary for
complete reprogramming (Takahashi and Yamanaka 2006). Nanog facil-
itates reprogramming (Yu et al. 2007) and promotes pluripotency after
ES cell fusion (Silva, Chambers, et al. 2006, Silva, Nichols, et al. 2009).
Therefore, Nanog expression is not necessary for pluripotency induction,
but is essential for long term stemness maintenance. All together Oct4,
Sox2, and Nanog are referred as core stemness regulators due to their
exceptional role in supporting the stem cell state.
Several studies have shown that core stemness transcriptional regulators
share the same DNA-targets and activate expression of pluripotency-
associated genes (Loh et al. 2006; Sridharan et al. 2009; Young 2011)
while repressing lineage-specic factors (Bilodeau et al. 2009; Lee, Jen-
ner, et al. 2006). To activate gene expression, core transcriptional factors
bind to the RNA polymerase II and recruit it to the target pluripotency-
associated genes (Kagey et al. 2010). For ecient gene expression ac-
tivation, core factors require the assistance of c-Myc (cellular myelocy-
tomatosis oncogene) that recruits the cyclin-dependent kinase p-TEFb
(positive Transcription Elongation Factor b). p-TEFb phosphorylates
RNA polymerase II and therefore increases the chance that activated
genes will be completely transcribed (Rahl et al. 2010).
Core transcriptional factors repress lineage-specic gene expression prob-
ably due to their inuence on chromatin structures. E.g., Oct4 binds
to Histone-lysine N-methyltransferase SetDB1 (SET-Domain Bifurcated
1) that catalyzes repressive histone modication and therefore prevents
transcription initiation (Bilodeau et al. 2009; Yeap, Hayashi, and Surani
2009; Yuan et al. 2009).
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1.2.2 Epigenetic regulation of stemness
Although the discovery of core pluripotency transcriptional factors was
very promising, it is evident that we are far from fully understanding
stemness. The eciency of iPSC induction is low and the induction is
frequently not complete (Ebrahimi 2015). Recent studies show that be-
sides transcriptional regulators gene expression in stem cells is controlled
by epigenetic factors. The most important among them are chromatin
architecture, DNA methylation, and non-coding RNAs.
Chromatin structure plays a critical role in the regulation of gene ex-
pression. Open euchromatin architecture provides easy access to DNA
for transcriptional machinery and transcriptional factors, while com-
pact heterochromatin structures, by contrast, prevent active transcrip-
tion. Pluripotent stem cells are generally characterized by euchromatin-
enriched architecture and enhanced genome-wide expression rate of both
coding and non-coding regions (Efroni et al. 2008). Lineage specic
genes, however, must stay silenced to maintain stem cell state. Gene
silencing is mainly regulated by histone modications. Thus multi-
ple methylations of histone 3 lysine 9 and 27 { histone modications that
lead to heterochromatin formation { are critically important for stemness
maintenance (Azuara et al. 2006; Bernstein et al. 2006; Boyer et al. 2006;
Bracken et al. 2006; Lee, Jenner, et al. 2006). Besides histone modi-
cations, DNA modications also contribute to transcriptional activity
regulation in stem cells. The lack of Dmnt1 (DNA methyltransferase
1) causes embryonic lethality, while mutations in Dmnt1 and Dnmt3
a/b cause multiple developmental defects (Li, Bestor, and Jaenisch 1992;
Okano et al. 1999). The exact role of DNA methylation, however, still
remains unclear. DNA methylation does not inuence the expression
of main pluripotency factors Oct4, Sox2 and Nanog, and methylation-
decient cells are able to maintain pluripotency (Meissner et al. 2008;
Mikkelsen et al. 2007). Methylation-decient pluripotent cells, however,
are not able to normally dierentiate (Chamberlain, Yee, and Magnuson
2008; Jackson et al. 2004; Tsumura et al. 2006).
The third class of main epigenetic regulators { ncRNA (non-coding
RNA) { is known to contribute to almost all processes in cells, includ-
ing stemness. Among all ncRNAs, miRNAs (microRNA) probably
14
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play the most important role. miRNAs are endogenous single-stranded,
non-protein coding RNAs of 20{23 nucleotides in length that regulate
gene expression on the post-transcriptional level through interaction with
mRNAs. ESCs express a specic set of miRNAs genes, regulated by the
core transcriptional factors Oct4, Sox2 and Nanog (Marson et al. 2008).
Expression of these miRNAs is essential for stemness maintenance be-
cause the deciency in miRNA processing enzymes such as Dicer and
DCGR8 cause multiple defects in dierentiation and embryonic develop-
ment (Kanellopoulou et al. 2005; Murchison et al. 2005; Wang, Medvid,
et al. 2007).
lncRNAs (long non-coding RNAs) { a recently discovered group of non-
coding RNAs longer than 200 nucleotides { are also involved in stem-
ness maintenance (Flynn and Chang 2014). Recent screening shows that
lncRNAs critically regulate gene expression patterns in ESCs and there-
fore probably play a signicant role in stemness maintenance (Guttman
et al. 2011). The majority of these lncRNAs act as suppressors of the
expression of lineage-specic genes through inuencing chromatin archi-
tecture (Wang, Yang, et al. 2011). Some of them, however, probably
act as positive expression regulators. The \regulator of reprogramming"
lncRNA (lincRNA-RoR), for example, was discovered to be an important
factor for successful iPSCs generation. The inuence on pluripotency
could be explained through positive regulation of Sox2 and Nanog levels
(Loewer et al. 2010). The suggested regulatory mechanism is based on
the ability of lncRNAs to bind to miRNAs and to prevent the miRNA-
mediated gene inactivation (Bosia, Pagnani, and Zecchina 2013; Tay,
Rinn, and Pandol 2014). lncRNA moreover occupies promoter regions
of the Oct4 and Sox2 genes and therefore could potentially contribute to
their expression (Lin et al. 2014).
1.2.3 Microenvironment role in stemness mainte-
nance
Although transcriptional and epigenetic controls of stemness are critically
important, on the organismal level localization of stem cells frequently
plays an essential role in stem cell fate (Lander et al. 2012). Stem cells
are housed in stem cell niches { a tissue microenvironment capable of
15
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protecting and maintaining stem cells. The conditions in these stem cell
niches are probably key for stem cell proliferation and dierentiation.
The microenvironment inuences signals from other cells, physical inter-
action with other cells or extracellular matrix, and physical properties
(such as oxygen level).
Cell signaling
Stem cells are very sensitive to external signals that come from neigh-
boring cells. Cellular communication is essential for precise stemness
regulation and balance between proliferation and dierentiation. The
communication occurs through signal transduction pathways, which can
deliver information to the genome in the form of activated transcrip-
tion factors or cofactors. LIF, Wnt, and TGF-b are the most important
signaling pathways.
LIF (Leukemia Inhibitory Factor) is a member of the interleukin-6 cy-
tokine family. All members of this family activate the JAK-STAT (Janus
kinase-Signal Transducer and Activator of Transcription) signaling path-
way. LIF binds to an LIF-receptor causing its dimerization with GP130
(glycoprotein 130). Dimerized receptors phosphorylate JAKs which in
turn phosphorylate STAT proteins. Phosphorylated STATs migrate to
the nucleus and regulate expression of wide range of genes (Onishi and
Zandstra 2015).
LIF is one of the rst factors that have been discovered to be neces-
sary for mouse ESCs maintenance in vitro (Smith et al. 1988; Williams
et al. 1988). Although human ESCs do not require LIF for stemness
maintenance in vitro, LIF signaling still contributes to pluripotent state
regulation (Chan et al. 2013; Gafni et al. 2013; Hanna et al. 2010).
TGF-b (the Transforming Growth Factor beta) is a family of protein lig-
ands that binds TGF type II receptors on the cell surface and cause their
hetero-tetramerization with type I receptors. This interaction leads to
phosphorylation associated with type I receptor SMADs (the portman-
teau from Drosophila melanogaster protein, Mothers Against Decapenta-
plegic { MAD { and the Caenorhabditis elegans SMAll body size protein
{ SMA). Phosphorylated SMADs migrate to the nucleus where they act
as transcriptional co-factors and regulate gene expression (Park 2011).
16
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BMP4 (Bone Morphogenetic Protein) { one of the TGF-b family mem-
bers { participates in maintaining stemness in mouse ESCs (Qi et al.
2004; Ying et al. 2003) and inhibits neural fate during early embryonic
development (Wilson and Hemmati-Brivanlou 1995). Another member
of the TGF-b family { Nodal { contributes to pluripotency regulation
through Nanog expression (Vallier et al. 2009). Moreover, the TGF-
b signaling probably plays an essential role during induction of iPSCs
(Ichida et al. 2009; Maherali and Hochedlinger 2009).
Wnt (from Wingless-type MMTV integration site family) is a family of
proteins with a conserved amino acid motif (Nusse and Varmus 1992)
that have dierent functions in cells (Logan and Nusse 2004). In the
classical signaling pathway, Wnt ligands bind to a Frizzled family trans-
membrane receptor resulting in b-catenin stabilization. b-catenin accu-
mulates in the cytoplasm and then migrates to the nucleus where it acts
as a co-activator for transcriptional factors. Alternatively, Wnt/receptor
interaction results in calcium signaling activation (Van Camp et al. 2014).
The exact role of Wnt signaling is still under debate. On the one hand,
Wnt signaling stimulates proliferation of pluripotent stem cells (Anton,
Kestler, and Kuhl 2007; Ogawa et al. 2006; Sato et al. 2004) probably
through transcriptional activation of cyclin D1 and c-myc (Kaldis and
Pagano 2009). In contrast, some studies show that Wnt signaling pro-
motes dierentiation (Davidson et al. 2012; Martin and Kimelman 2012;
Sumi et al. 2008).
Extracellular matrix (ECM) contains a wide range of molecules includ-
ing collagen, elastin, laminin, bronectin, various glycoproteins, proteo-
glycans, and polysaccharides that inuence cell adhesion and migration
(Ozcelik et al. 2014). Several studies show that ECM aects stem cell pro-
liferation and dierentiation (Campbell, Wicha, and Long 1985; Hirao,
Arai, and Suda 2004; Suzuki et al. 2003). For example, the dierentia-
tion eciency of mesenchymal stem cells in vitro could be enhanced by
adding extracellular collagen type I (Kihara et al. 2006). Collagen type
IV added to cultured cardiac broblast stimulates myobroblast dier-
entiation (Naugle et al. 2006). The mechanisms that aect stemness
through EMC are still unclear. Firstly, ECM components can interact
with cellular receptors and inuence gene expression. Secondly, ECM
serves as a reservoir for signaling molecules and can inuence their avail-
17
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ability. Finally, EMC inuences cellular shape that can change cell physi-
ology (Chen, Fitzgerald, et al. 2007). In addition to exogenous molecules
in the microenvironment, stem cells are sensitive to neighbouring cells
interactions. As a result, changes in cell density or loss-of-function mu-
tations in adherens junction components can initiate cell division, growth
or tumour formation (Metallo et al. 2007).
1.3 Oxygen concentration in the stem cell
niche
Probably the most characteristic feature of almost all stem cell niches is
hypoxic conditions (Ivanovic 2009). Atmospheric oxygen concentration
of 21 % is not the normal concentration for cells and tissues in a living
organism. The majority of embryonic and adult stem cells are housed
in stem cell niches where the oxygen concentration varies from 1 % to
9 % (Simon and Keith 2008). Low oxygen conditions activate hypoxia
signaling pathway that is probably important for stem cell maintenance.
Commonly, the signal transduction occurs through rescuing the hypoxia-
induced factor (HIF). HIF is a heterodimer complex that contains two
subunits: HIF1/2/3a and HIF1/2/3b. HIF1a is expressed ubiquitously
and plays the main role in hypoxia signaling while HIF-2/3a are present
only in several tissues and their function is still unclear. Under nor-
mal conditions, HIF1a is degraded by a family of HIF-specic prolyl-
hydroxylases (PHD1/2/3). Under hypoxic conditions, HIF1a hydroxy-
lation is inhibited resulting in HIF1a accumulation and migration in a
nucleus. There HIF1a dimerises with HIF1b, and the HIF1a/b dimer
binds to HIF-responsive elements on DNA and activates gene expression
(Simon and Keith 2008).
Early rodent embryos develop in low oxygen conditions (3 % O2) (Mitchell
and Yochim 1968) and before day 9.5 likely rely on glycolysis for energy
production (Akazawa, Unterman, and Metzger 1994). Hypoxia condi-
tions are probably required for stemness maintenance of mammalian
ESCs (Ezashi, Das, and Roberts 2005; Harvey et al. 2004). On day
10-11.5 establishment of placenta occurs. Placenta cells develop from
18
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trophoblasts { cells of the outer layer of the blastocyst, which provides
nutrients to the early embryo (Wang and Zhao 2010). Oxygen avail-
ability plays a critical role for normal placenta formation. The absence
of cellular oxygen-sensing components, as well as signal transduction of
hypoxia signaling, result in severe developmental problems. Both HIF1a
and HIF1b regulate cell fate during trophoblast dierentiation and are
necessary for normal placenta architecture during murine placenta for-
mation (Adelman et al. 2000; Dahl et al. 2005; Keith and Simon 2007).
Deciency in PHD2 moreover disrupts placenta development and tro-
phoblast dierentiation (Takeda et al. 2006). Hypoxic conditions are
also essential for human placenta formation: hypoxic conditions (2.5 %
O2) stimulate proliferation while oxygen availability (8.6 % O2) promotes
trophoblast dierentiation (Caniggia et al. 2000; Genbacev et al. 1997).
Although HIF1 disruption results in early embryonic development due to
placenta defects, some mice strains can tolerate HIF2 deciency, however
exhibiting dierent heart and lung developmental abnormalities (Com-
pernolle et al. 2002; Peng et al. 2000; Tian et al. 1998). Interestingly,
despite the high sequence homology, HIF2a conditional deletion { but
not HIF1a { causes anaemia associated with low erythropoietin expres-
sion. These results suggest an exclusive role of HIF2 in erythropoiesis
(Gruber et al. 2007; Rankin et al. 2007).
Oxygen concentration, however, regulates not exclusively ESCs. For ex-
ample, rat mesenchymal stem cells (Lennon, Edmison, and Caplan 2001)
as well as neural precursors (Studer et al. 2000) show increased prolif-
eration and dierentiation potential under hypoxic conditions. Hypoxic
conditions are also required for haematopoiesis. Haematopoietic stem
cells (HSCs) in adult mammals are housed in the bone marrow where
arterial blood ow creates an oxygen gradient. Haematopoietic progeni-
tors are distributed along the gradient according to their dierentiation
potential, with HSCs present in the most hypoxic areas (Cipolleschi and
Olivotto 1993; Parmar et al. 2007).
In summary, physiological hypoxia is the essential prerequisite for normal
embryonic development and stemness maintenance because oxygen level
acts as a master regulator of cell fate. Under low oxygen conditions, stem
cells have to rely on glycolysis as the main energy source. Therefore, stem
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cell state is associated with low activity of oxidative metabolism (Xu et
al. 2013). On the other hand, numerous studies show that the dierenti-
ated state requires activation of cellular respiration. (Chen, Shih, et al.
2008; Chung et al. 2007; Vega-Naredo et al. 2014; Wanet, Remacle, et al.
2014; Zhang, Marsboom, et al. 2013). Therefore, cellular respiration is
a prominent candidate that potentially contributes to the regulation of
stem cell fate. Cellular respiration occurs in a specialized cellular com-
partment { the mitochondrion.
1.4 Mitochondrial morphology
The mitochondrion is an organelle of symbiotic origin that is essential
for viability of any eukaryotic cell except for one example { Monocer-
comonoides sp. (Karnkowska et al. 2016). Mitochondria provide com-
partments for a large variety of anabolic and catabolic processes such as
amino acids synthesis, iron-sulphur clusters assembly, cellular respiration,
and steroid metabolism. Besides its main function { energy production
{ mitochondria also play an essential role in calcium homeostasis and
participate in the regulation of cell cycle, oxygen sensing, cellular prolif-
eration, apoptosis and aging (McBride, Neuspiel, and Wasiak 2006; Nesti
et al. 2007).
Mitochondria are organelles that contain two structurally and function-
ally distinct membranes. The outer mitochondrial membrane is a rela-
tively simple phospholipid membrane harbouring a large amount of pro-
tein canals { porins. Porins are permeable for molecules smaller than
5-6 kDa, ions, and metabolites; therefore, the outer mitochondrial mem-
brane allows the unrestricted diusion of small molecules. Therefore the
mitochondrial intermembrane space might equilibrate rapidly with the
cytosol (Herrmann and Riemer 2010).
The inner mitochondrial membrane surrounds the mitochondrial matrix
and contains characteristic invaginations of the inner membrane, termed
cristae. Cristae reect metabolic activity of a cell because they enlarge
the surface of the inner membrane thus providing space for diverse protein
complexes that are housed in it, such as mitochondrial electron transport
chain complexes, ATP synthase and transport proteins. Most trans-
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porters of the inner mitochondrial membrane are members of the mito-
chondrial carrier family, of bacterial-type ion transporters, and of ABC
(ATP-Binding Cassette) transporters. As the mitochondrial membrane is
freely permeable only for oxygen, carbon dioxide, and water, it makes the
mitochondrial matrix a relatively isolated compartment that provides an
environment for numerous chemical reactions, e.g. iron-sulphur clusters
assembly, ubiquinol biosynthesis, phospholipid biosynthesis, the citric
acid cycle. The majority of mitochondrial proteins is encoded in the nu-
cleus and transported to mitochondria either post- or co-translationally.
Matrix proteins are imported via the translocase complexes of outer and
inner membranes starting from the N-terminal mitochondrial localization
signal. Proteins of intermembrane space may be released from the matrix
or translocated from cytosol through translocases of the outer membrane
(Herrmann and Riemer 2010).
Besides proteins the mitochondrial matrix houses the nucleoids of the mi-
tochondrial genome (mtDNA). Mammalian mtDNA is a double strained
circular 16,6 kb molecule that includes genes for mRNAs (translated to
13 proteins of the electron transport chain) as well as two ribosomal
RNAs and 22 transfer RNAs to support mitochondrial translation.
1.5 Mitochondrial electron transport chain
(mETC)
The mETC contains four respiratory chain enzyme complexes, two mo-
bile electron carries (cytochrome c and ubiquinone) and ATP synthase
(Figure 1.1).
Complex I (NADH:ubiquinone oxidoreductase) accepts electrons from
NADH2 and transfers them via the lipid-soluble carrier ubiquinone to
complex III (ubiquinone:cytochrome c oxidoreductase). Alternatively,
electrons enter mETC from FADH2 through complex II (succinate:ubi-
quinone oxidoreductase) and transferred to complex III via ubiquinone.
Complex III then uses free energy of electrons to pump protons across
inner membrane during the Q cycle and transfer electrons to the second
mobile electron carrier { cytochrome c.
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Figure 1.1: The mammalian mitochondrial electron transport
chain. Complex I, complex III, and complex IV generate a proton gra-
dient that in turn drives ATP synthase. Electron transport between
complexes is mediated by mobile electron transporters ubiquinone (Q)
and cytochrome c (Sazanov 2015).
Finally, complex IV (cytochrome c oxidase) receives four electrons from
two molecules of cytochrome c and transfers them to molecular oxygen,
producing two molecules of water. At the same time, eight protons are
removed from the mitochondrial matrix: four of them are used to pro-
duce two water molecules and four of them are pumped across the inner
membrane. In summary, mETC catalyses series of reduction{oxidation
(redox) reactions and uses the energy of electron ow to transport pro-
tons across the inner membrane, forming a proton gradient. The proton
gradient provides the energy to drive ATP synthase and to produce ATP
from ADP and inorganic phosphate (Mitchell and Yochim 1968). Cur-
rent studies show that mETC complexes are not freely oating in inner
membrane but are associated with each other forming solid supercomplex
structures (Vartak, Porras, and Bai 2013).
The complete respiration competent supercomplex { respirasome { con-
tains complex I/II/III/IV (Figure 1.2 A) or complex I/III/IV (Figure
1.2 B) plus both mobile electron carriers. In mammalian cells complex
I/III supercomplex (Figure 1.2 C) can frequently be detected. This su-
percomplex could be a functional respirasome or an intermediate state
of respirasome assembly (Acn-Perez et al. 2008). Supercomplexes' func-
tion, however, is still under debates. Firstly, the association of complexes
could be critical for their assembly. In line with this suggestion is the
fact that defects in complex IV assembly reduce complex I assembly
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Figure 1.2: Dierent forms of functional mETC supercomplexes
{ respirasomes. A. Supercomplex I/ II/III/IV. B. Supercomplex I/III.
C. Supercomplex I/III/IV. (Vartak, Porras, and Bai 2013)
and activity (Li, D'Aurelio, et al. 2007). Secondly, respirasome { as
a functional unit { could provide optimal conditions for the most e-
cient cellular respiration (Gomez et al. 2009; Rosca et al. 2008). Finally,
supercomplex structures minimize the distance between complexes and
therefore prevent electron leakage from mETC preventing reactive oxy-
gen species (ROS) formation (Gomez et al. 2009). Although mETC is
very ecient, mETC complex I and complex III are the main sources of
ROS in mammalian cells (Adam-Vizi and Chinopoulos 2006; Bleier and
Drose 2013).
1.6 ROS production
According to thermodynamics there are only two points in the mETC
that are capable to reduce molecular oxygen to superoxide: complex I
and complex III (Murphy 2009).
Complex I { one of the most complicated and huge protein complexes in
mammalian mitochondria { contains 45 subunits, including 14 core sub-
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Figure 1.3: Complex I with 14 strictly conserved core subunits.
A. The subunits are shared equally between the peripheral arm | com-
prising the NADH-oxidizing dehydrogenase module (N-module; which
provides electron input into the chain of Fe{S clusters) and the connect-
ing Q-module (which conducts electrons to the quinone-binding site) |
and the membrane arm, which comprises the proton-translocating P-
module. B. Arrangement of redox centers. The main pathway of elec-
tron transfer is indicated by solid arrows; Fe{S clusters are shown as red
and orange spheres. Possible conformational changes in peripheral arm
structure caused by ubiquinone reduction are shown as a dashed arrow
(Sazanov 2015).
units similar to bacterial homologues. Core subunits are shared equally
between the hydrophilic peripheral and hydrophobic membrane arms,
which together form an L-shaped molecule (Figure 1.3).
Functionally complex I can be subdivided into three modules: N-module
(NADH-oxidizing dehydrogenase module), Q module (ubiquitin binding)
in the peripheral arm and P-module (proton-translocating) in membrane
arm. The peripheral arm contains all complex I prosthetic groups: one
avin mononucleotide (FMN) and eight-nine Fe{S clusters. Seven of
the clusters form a redox chain connecting FMN to the quinone-binding
site (Figure 1.3 B). The electron donor NADH binds to the N-module
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and transfers two electrons to FMN. Then the electrons are transferred
through a chain of iron-sulfur clusters to ubiquinone which is immobilized
on the Q-module of complex I. (Sazanov 2015). The membrane arm con-
tains hydrophobic subunits that form proton canals. The energy released
during the redox reaction is used to transport four protons across the in-
ner membrane; the exact mechanism that couples electron transport with
proton transport, however, is still unclear. According to the most popular
model, ubiquinone reduction causes conformational changes of complex
I (Figure 1.3 B, dashed arrows) that opens proton canals. Two or three
protons are transported trough opened proton canals, while the remain-
ing one or two protons are transported coupled directly to ubiquinone
(Sazanov 2015; Treberg and Brand 2011). The electron could escape
from FMN (less that 0.1 % under normal conditions) (Brand 2010) es-
pecially when the iron-sulfur cluster chain of complex I is overloaded.
That could happen due to two reasons: (1) in presence of NADH, the
downstream electron ow is blocked (with rotenone for example, that
binds to Q-module of complex I) (Brand 2010; Drose and Brandt 2008);
(2) under conditions of the so-called reverse electron transport (Galkin,
Grivennikova, and Vinogradov 1999; Votyakova and Reynolds 2001). The
most probable site of electron leakage { FMN { is located in the periph-
eral arm and therefore reduces molecular oxygen in the matrix, resulting
in superoxide formation in the mitochondrial matrix (Lenaz and Genova
2012).
Mammalian complex III contains eleven subunits, including three core
subunits: RISP (Rieske Iron-Sulfur Protein), cytochrome b and cytochrome
c1. Each of these subunits contains prosthetic groups: RISP has two iron-
sulfur clusters, cytochrome b has two hemes (bH and bL) and cytochrome
c1 has one heme (c1). All three core subunits form a compact struc-
ture anchored in the inner membrane by transmembrane domains with a
globular cytochrome c1 and RISP domains in the intermembrane space
(Figure 1.4 A)
Cytochrome b forms two ubiquinone-redox sites: ubiquinone-oxidation
Q0 close to the intermembrane space and ubiquinone-reduction Qi close
to the matrix. Functional complex III always forms dimers (Hunte, Pals-
dottir, and Trumpower 2003). Dimerization facilitates communication
between Q0 and Qi sites: it accelerates the electron ow while diminish-
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Figure 1.4: Complex III strictly conserved core subunits. All three
subunits are anchored in membrane. Cytochrome b forms two ubiquitin
redox sites: Q0 and Qi. Hemes (bH, bL, c1) are shown as blue and red
structures; iron-sulfur clusters are shown as red and yellow shapes (Rich
and Marechal 2010). B. The mechanism that couples electron transport
with proton pumping. Cytochrome b forms two ubiquinone redox sites:
Q0 and Qi. Two electrons from ubiquinol ow through hemes bL and bH
to Qi site, or through RISP iron-sulfur cluster and heme c1 to cytochrome
c. Protons are transferred across inner membrane coupled to ubiquinone
molecule (public domain; author: Klaus Homeier).
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ing electron leakage (Covian and Trumpowera 2008).
Complex III couples proton pumping with electron ow by the Q-cycle.
The cycle starts from ubiquinol to ubiquinone oxidation in the Q0 site
(QH2!Q). This process releases two electrons and two protons. One
electron is transferred to the iron-sulfur cluster of RISP. RISP changes
the conformation and moves the globular domain closer to cytochrome c1
to transfer the electron via the heme c1 to the mobile electron transporter
{ cytochrome c. Simultaneously, two protons are released in the inter-
membrane space. The second electron is meanwhile transferred to heme
bL and transported via the heme bH to the Qi site. In Qi the electron
reduces ubiquinone to ubiquinol (Q!QH2), absorbing two protons from
the matrix. Ubiquinone reduction requires two electrons; therefore, the Q
cycle is completed when the second electron from bH reduces ubiquinone
(Bleier and Drose 2013). Under normal conditions, the electron trans-
port is very ecient but the electron leakage from Q0 site can be induced
by so-called oxidant-induced reduction conditions. Under these condi-
tions, the Qi site is blocked (for example by the inhibitor antimycin A)
and cannot receive an electron; the downstream respiration chain (cy-
tochrome c1 and cytochrome c) is oxidized while the sucient amount
of reducing equivalent leads to the reduction of hemes bH and bL and
they cannot accept electrons anymore. This causes over-reduction of Q0,
resulting in non-stable ubiquinone reduction { semiquinone formation.
Semiquinone has enough redox potential to reduce molecular oxygen and
form superoxide (Brand 2010). The very similar Q0 over-reduction causes
the blockade of distal (close to bH) Q0 site by myxothiazol (Kramer et al.
2003; Starkov and Fiskum 2001). As the Q0 site is close to the intermem-
brane space, the electron reduces molecular oxygen and forms superoxide
in the intermembrane space.
Recent works suggest that besides Qi and Q0 binding inhibitors, ROS
production from complex III can be also induced by hypoxic conditions
(1-3 % O2) (Bell et al. 2007; Guzy and Schumacker 2006; Sanjuan-Pla et
al. 2005; Waypa et al. 2011). Under hypoxic conditions the mitochondrial
matrix stays reduced, while the cytoplasm and the intermembrane space
become more oxidized (Waypa et al. 2011). The disrupted function of
the Q0 site moreover impairs HIF signaling transduction (Bell et al. 2007;
Guzy, Hoyos, et al. 2005). These results suggest that hypoxia-induced
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ROS are mostly produced by complex III. There are two hypothesized
mechanisms for superoxide formation under hypoxic conditions: the de-
creased concentration of oxygen changes protein or lipid properties (1)
increasing the life time of semiquinone in the Q0 site; or (2) increasing the
accessibility of oxygen near the Q0 site (Guzy, Hoyos, et al. 2005). Nei-
ther of these models, however, is reliable enough. It is thermodynamically
unlikely that a decrease in substrate { oxygen { will cause an increase
of the direct product { superoxide. Therefore, several publications sug-
gest that instead of inuencing ROS production, hypoxia may facilitate
ROS eux from mitochondria and thereby strengthen the ROS signal-
ing response. Alternatively, hypoxia could inuence the ROS detoxifying
system and aect ROS degradation (Murphy 2009). Although the mech-
anism of how hypoxia impacts complex III activity and ROS formation is
still unclear, many data suggest that HIF signaling is tightly connected
to ROS signaling (Bell et al. 2007; Bleier and Drose 2013; Guzy and
Schumacker 2006; Guzy, Hoyos, et al. 2005; Klimova and Chandel 2008;
Sanjuan-Pla et al. 2005; Waypa et al. 2011).
1.7 ROS defense
The primary ROS type produced by complex I and complex III { super-
oxide anion { is a very strong oxidant that can severely damage cells.
Therefore, it is rapidly transformed into a less harmful form { peroxide {
by superoxide dismutases (Sod). Mn-Sod (Sod2) is exclusively housed in
the mitochondrial matrix (Gardner et al. 1995; Weisiger and Fridovich
1973), while CuZn-Sod (Sod1) detoxies superoxide in the mitochon-
drial intermembrane space and in the cytoplasm (Okado-Matsumoto and
Fridovich 2001). Peroxide is then degraded by catalase and glutathione
(GSH) peroxidase. The GSH system probably plays the most important
role in peroxide degradation (Herrmann and Riemer 2010). Peroxide is
degraded to a water molecule by GSH-peroxidase, while GSH accepts
electron forming GSH disulde (GSSG). GSSG then is reduced to GSH
by GSH-reductase (Andreyev, Kushnareva, and Starkov 2005).
ROS defensive mechanisms are especially active in the mitochondrial ma-
trix where the ROS production is relatively high mainly due to complex
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I activity, and an elevated ROS level is extremely harmful to the unpro-
tected mitochondrial DNA (mtDNA). Deletion of matrix Sod2 is lethal
(Lebovitz et al. 1996; Li, Huang, et al. 1995) and Sod2 dysfunction causes
accumulation of mtDNA mutations during lifetime (Van Remmen et al.
2003). GSH defense is also very potent in the mitochondrial matrix.
Although mitochondria contain only 10-12 % of cellular GSH (Antunes,
Han, and Cadenas 2002), the mitochondrial matrix contains a higher
level of reduced GSH than the cytoplasm, while the amount of oxidized
GSSG is considerably higher in the intermembrane space than in the cy-
toplasm. These data suggest that the mitochondrial matrix has a very
strong GSH buer homeostasis that is regulated separately from inter-
membrane space. The GSH/GSSG buer in the intermembrane space, on
the other hand, is less potent even compared to cytoplasm (Hu, Dong,
and Outten 2008). Therefore, ROS produced by complex III is stable
enough to migrate in the cytoplasm and activate ROS signaling.
1.8 ROS signaling in stem cells
Produced by complex I and III, ROS modulate dierent signaling path-
ways that regulate cell cycle, apoptosis, and aging (Zhang, Wang, et al.
2016). Hydrogen peroxide is the main ROS type involved to the signal-
ing pathway transduction because it is relatively stable and can diuse
through membranes (Holmstrom and Finkel 2014). It can directly signal
to redox sensors. The respective proteins usually contain either reactive
tryptophan or cysteine residues. Oxidation of tryptophan inuences its
phosphorylation eciency while cysteine phosphorylation leads to con-
formational changes including intramolecular disulde bridge formation.
Oxidation of redox sensors inuences their function, stability, localiza-
tion and interaction with other proteins. Some of the redox sensors alter
processes that regulate cell cycle progression, apoptosis, quiescence or
dierentiation (Figure 1.5) (Bigarella, Liang, and Ghaari 2014), oth-
ers directly change the expression prole of cells (Holmstrom and Finkel
2014).
Recent works show that ROS homeostasis is important for stem cell main-
tenance. Increased ROS levels due to AMT kinase (Ito et al. 2004) or
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Figure 1.5: Redox sensor molecules. Interaction of ROS signaling
with regulatory proteins, including transcription factors (blue), kinases
(yellow) and phosphatases (green). Other regulators, such as the cy-
tokine signaling inhibitor LNK, the modulator KEAP1, the E3 ubiquitin
ligase MDM2, the cell cycle inhibitors p16INK4A and p19ARF, the com-
plex mTORC1, TXNIP, and the antioxidant enzyme GPX3 are shown in
orange. Dashed arrows and lines indicate regulations that have not been
explicitly shown to occur in stem cells; solid lines represent interactions
that have been shown in stem cells (Bigarella, Liang, and Ghaari 2014).
FOXO transcriptional factors (Miyamoto et al. 2007) deletion impaired
haematopoietic stem cells proliferation. Although increased ROS level
impairs stemness, decreased ROS level also has negative eects. For ex-
ample, neural stem cells (Le Belle et al. 2011), as well as spermatogonia
stem cells (Morimoto et al. 2013) require physiological ROS level for self-
renewal. Finally, the ROS level probably modulates Wnt signaling that
is known to regulate stem cell state (Holmstrom and Finkel 2014). Alto-
gether these data suggest that ROS levels in particular and mitochondrial
metabolism generally are essential for stemness maintenance.
1.9 Mitochondrial metabolism in stem cells
Current studies demonstrate that regulation of stem cell proliferation and
dierentiation is very complex. Cellular and in particular mitochondrial
metabolism are potentially very important regulators of stemness. Both
mouse and human pluripotent stem cells are characterized by relatively
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low mitochondrial mass and low mtDNA amount (Cho et al. 2006; Hu,
Fan, et al. 2016; Lonergan, Brenner, and Bavister 2006; Shyh-Chang,
Daley, and Cantley 2013). Moreover, mitochondria of stem cells are
small, round and demonstrate an immature phenotype: poorly developed
cristae and an electron-lucid matrix (Cho et al. 2006; Chung et al. 2007).
The majority of mitochondria in stem cells are localized near the nuclei
(Chung et al. 2007; Lonergan, Brenner, and Bavister 2006). Even in
iPSC mitochondria resemble this stem cell phenotype due to rejuvenation
of mature mitochondria of somatic cells (Folmes et al. 2011; Prigione
et al. 2010; Varum, Rodrigues, et al. 2011). Moreover, mitochondria
transfer from stem cells to adult cells can cause partial dedierentiation
(Acquistapace et al. 2011).
Dierentiation of stem cells, on the other hand, is tightly associated
with increased mitochondrial metabolism resulting in activating cellu-
lar respiration and ROS formation (Chen, Shih, et al. 2008; Chung et
al. 2007; Lonergan, Brenner, and Bavister 2006; Rochard et al. 2000).
These changes can be regarded as consequences of dierentiation and
adaptations for new functions. A signicant amount of works, however,
indicates that activation of the mitochondrial metabolism is an impor-
tant prerequisite for successful dierentiation (Rochard et al. 2000; Hu,
Fan, et al. 2016; Schieke et al. 2008; Tormos et al. 2012; Wagatsuma and
Sakuma 2013; Zhang, Marsboom, et al. 2013).
Although the mitochondrial role in stem cell dierentiation is still un-
clear, there are many studies suggesting mitochondrial metabolism as
an important regulator of stem cell maintenance and dierentiation. A
better understanding of the mitochondrial role in stem cell homeosta-
sis possesses a great scientic interest because mitochondrial metabolism
could provide a powerful tool for precise regulation of stem cell dieren-
tiation in regenerative medicine.
1.10 Aim of the thesis
The general aim of the thesis is to contribute to the understanding of
the role of mitochondrial electron transport chain activity in the regula-
tion of the dierentiation potential of the pluripotent stem cells and to
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unravel signaling pathways that could participate in the regulation. For
these purposes, we disrupted the mETC activity and monitored how this
inuenced the dierentiation of a pluripotent stem cell line P19.
In our project, we used the P19 cell line as a model for neural and tro-
phoblast dierentiation. P19 cells are robust and easy growing pluripo-
tent stem cells that are frequently used for stem cells research, including
mitochondria studies (Bain et al. 1994; Jin et al. 2014; Vega-Naredo et al.
2014)
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Materials and Methods
2.1 The most essential materials
Table 2.1: List of the most essential chemicals
Name of the chemical Ordering inf. Manufacturer
Acrylamide/Bisacrylamide A6050 Sigma Aldrich
AEBSF A1421 AppliChem
Antimycin A8674 Sigma Aldrich
APS A2941 AppliChem
BHT B1378 Sigma Aldrich
Bright Mount Plus mounting medium ab103748 Abcam
BSA A6588 AppliChem
Coomassie Brilliant Blue G250 9598 Roth
Cytochrome c A7674 AppliChem
Diaminobenzidine D8001 Sigma Aldrich
Digitonin D141 Sigma Aldrich
DMEM 31966 Thermo Fisher
DMSO A3672 AppliChem
FBS 10270 Thermo Fisher
MES A1074 AppliChem
MitoSox M36008 Thermo Fisher
MitoTracker Green M7514 Thermo Fisher
Myxothiazol T5580 Sigma Aldrich
NADH A1393 AppliChem
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NBF (10%) HT501128 Sigma Aldrich
Nitro blue tetrazolium N6639 Sigma Aldrich
Non-fat milk powder A0830 AppliChem
Normal goat serum ab1560046 Abcam
NucBlue reagent R37605 Thermo Fisher
NuPAGE 4-12% mini gels NP0321PK2 Thermo Fisher
NuPAGE antioxidant NP0005 Thermo Fisher
NuPAGE sample buer NP0007 Thermo Fisher
NuPAGE sample reducing agent NP0009 Thermo Fisher
NuPAGE transfer buer NP0006 Thermo Fisher
PAGE plus ruler 26619 Thermo Fisher
PAGERuler pre-stained protein ladder SM1811 Thermo Fisher
Paraquat 856177 Sigma Aldrich
PBS 70011 Thermo Fisher
Ponceau S A1405 AppliChem
Potassium cyanide 1.04965 EMD Millipore
Protease Inhibitor Cocktail 11844600 Roth
PVDF membrane IPVH00010 Millipore
Retinoic Acid R2625 Sigma Aldrich
RIPA Lysis Buer ab156034 Abcam
Rotenone R8875 Sigma Aldrich
Serva Blue G250 35050 Serva
TCEP C4706 Sigma Aldrich
TEMED (PlusOne) 17-1312-01 GE Healthcare
Trypane blue stain T10282 Thermo Fisher
Trypsin-EDTA 15400 Thermo Fisher
Table 2.2: List of kits
Name of the kit Ordering inf. Manufacturer
Amersham ECL Plus detection reagent RPN2133 GE Healthcare
ADP/ATP Ratio Assay Kit MAK135 Sigma Aldrich
DC protein assay kit 500111 BioRad
Mitochondria Isolation Kit for Cultured Cells ab110170 Abcam
Rnase-free DNase set 79254 Qiagen
RNeasy mini kit 74104 Qiagen
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2.2 P19 cell culturing
P19 mouse embryonic carcinoma cell line was received from European
Collection of Authenticated Cell Cultures (ECACC 95102107). The orig-
inal freezing tube was regarded as passage 0. In all experiments cells
before passage 20 were used.
P19 cells were cultivated under standard cell culture conditions (37 C,
5 % CO2) in a cell growing incubator (Thermo Fisher); growing media
was changed every day.
Growing media: 90 % (v/v) DMEM (high glucose, with sodium pyruvate,
with GlutaMAX, with Phenol Red); 10 % (v/v) FBS (E.U.-approved,
South America origin)
2.2.1 P19 cells subcultivation
Cells were grown for 48 hours before the next splitting until they reached
a conuency of 80-90 %. To remove cells from a plate, cells were washed
with PBS (1x), pH 7.4 and incubated with trypsin-EDTA (0.5 mg/ml)
for 5 min at 37 C. Trypsinization was stopped by adding growing media
and cells were gently resuspended by pipetting. Then cells were plated
in new culture asks at a density of 2 104 cells/cm2.
2.2.2 Determination of cell number
An aliquot of resuspended cells was mixed with an equal volume of 0.5
% Trypan Blue solution in PBS and counted using a Neubauer hemocy-
tometer.
2.2.3 Cell storage and thawing
Cells were harvested by trypsinization, centrifuged for 5 min at 300 xg,
diluted in freezing media (1 106 cells/ml) transferred to cryotubes and
freeze at -80 C on isopropanol bath overnight. Then cells were placed
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in liquid nitrogen for long term storage.
Freezing media: 90 % (v/v) Growing media; 10 % (v/v) DMSO
To thaw samples, they were taken out of the liquid nitrogen and immedi-
ately placed in a pre-warmed water bath. Thawed 1 ml of cell suspension
was transferred in 15 ml of growing medium and cells were centrifuged
for 5 min at 300 xg. Then the media was removed, cells were diluted in
fresh growing media and transferred to a cell culture dish. Thawed cells
were passaged at least three times before they were used in experiments.
2.2.4 Trophoblast dierentiation of P19 cells
To induce trophoblast dierentiation 0:52104 cells/cm2 were plated on
a cell culture dish and grown in media with 1 mM all-trans retinoic acid
(RA) for four days; the growing media with 1 mM RA was changed every
day.
2.2.5 Neural dierentiation of P19 cells
To induce neural dierentiation, cells from 80 % conuency cell culture
dish (10 cm diameter) were plated in a bacteria culture dish covered
with 1 % agarose diluted in PBS. Cells were grown in media containing
1 mM RA and formed embryoid bodies (EB) on the next day. Then EB
were grown for three more days; the growing media with 1 mM RA was
changed every day. After that, EB were harvested, washed with PBS,
treated with trypsin to disaggregate cells and plated on cell culture dishes
(3:6 104 cells/cm2) and grown attached in dierentiation media with 1
mM RA for four days.
2.2.6 P19 cells treatments
To disrupt the mETC, cells were treated with chemical mETC inhibitors.
To induce ROS production cells were treated with paraquat. Table 1
shows nal concentrations and stock concentrations of chemicals used
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for treatments. All mETC inhibitors were diluted in ethanol; paraquat
was diluted in PBS.
Table 2.3: List of chemicals that were used in experiments as treatments
Chemical Stock concen-
tration
Working con-
centration
Expected eects
Rotenone 100 mM 0.1 mM mETC CI inhibitor
Antimycin A 250 mM 0.25 mM mETC CIII inhibitor
Myxothiazol 10 mM 5 nM mETC CIII inhibitor
KCN 25 mM 25 mM mETC CIV inhibitor
Paraquat 100 mM 100 mM ROS inducer
2.2.7 Hypoxic conditions
To induce hypoxic conditions cells were grown in a hypoxia chamber
(Biospherix) that was combined with an oxygen controller (Biospherix).
Oxygen level was reduced to 1 % by replacing atmospheric gas with
nitrogen-containing gas mixture (95 % N2, 5% CO2) (Air Liquid). The
normal CO2 concentration (5 %), temperature (37
C) humidity (95 %)
were established by a cell culture incubator.
2.3 Oxygen consumption measurements
Oxygen consumption rate was measured by a Clark electrode as previ-
ously described (Barrientos, Fontanesi, and Daz 2009). The Clark elec-
trode was assembled to the oxygen meter (Strathkelvin Instruments).
Undierentiated and dierentiated cells were grown as described above;
the growing media was refreshed four hours before oxygen consumption
measurements. Cells were collected, counted and resuspended in res-
piration buer. Then they were placed in the chamber of the oxygen
meter and the oxygen amount in respiration buer was monitored. For
each sample, the measurement lasted at least ve minutes. After that,
the cellular respiration was blocked with 700 mM potassium cyanide to
ensure that oxygen amount changes were caused by cellular respiration.
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782 Oxygen System software (Strathkelvin Instruments) was used to cal-
culate oxygen consumption rate. Then oxygen consumption rates were
normalised to the number of cells used for analysis.
Respiration buer: 0.3 M mannitol, 10 mM KCl, 5 mM MgCl2, and 10
mM K2PO4, pH 7.4
2.4 ATP/ADP level measurement
Cells were plated in 96-well plates and dierentiated following the \tro-
phoblast protocol" as described above. Then the media was changed
to a growing media, containing rotenone, antimycin A, myxothiazol or
potassium cyanide and incubated for 24 hours. After that, ATP and
ADP amount was measured with ATP/ADP ratio bioluminescent assay
kit (Sigma Aldrich) according to the manufacturer manual. This assay
provides a measurement of ATP followed by ADP measurement in the
same probe. Hence the assay allows measuring ATP/ADP ratio directly
without normalisation to the total protein or DNA level in the sample
increasing the accuracy.
2.5 Isolation of mitochondria
Cells from 1-4 75 cm2 asks were washed with PBS, collected by scrap-
ing and pelleted at 500 xg for 5 min. The supernatant was removed and
the pellet was frozen at -80 C and stored until needed. Mitochondria
were isolated with Mitochondria Isolation Kit for Cultured Cells (Ab-
cam) according to the manufacturer's instructions. In brief, cells were
resuspended in the appropriate amount of ice-cold lysis buer and ho-
mogenized with the 2 ml glass homogeniser (included in the kit) on ice.
Then cells' debris and nuclei were pelleted at 1 000 xg for 10 min at
4 C. Supernatants contained intact mitochondria. Mitochondria were
pelleted at 12 0000 xg for 10 min at 4 C and used for experiments.
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2.6 Chemical lysis of cells
Cells were collected by scraping, pelleted and incubated with an ap-
propriate amount of RIPA buer (Abcam) buer for 20 min constantly
shaking at 4 C. Cell lysates were centrifuged at 11 000 xg for 20 min
at 4 C. Supernatant containing total protein fraction was collected and
used for experiments.
2.7 Protein amount determination
Total protein amount in cell lysate was determined using the DC-Assay
(BioRad) according to the manufacturer's manual with modication. 1-5
ml of sample was diluted with dH2O to nal volume 150 ml. Then the
sample was mixed with 75 ml of reagent A+S and 600 ml of reagent B and
incubated for 15 min in the dark. Sample absorbance was measured with
a spectrophotometer at 655 nm. Then the absorbance value was used
to calculate the total protein amount compared with a standard curve
prepared with BSA.
2.8 SDS-PAGE
Electrophoretic separation of the proteins was performed with the Nu-
PAGE Precast Gel System (Thermo Fisher) of 4-12 % Bis-Tris gel with
MES Running Buer according to the manufacturer's manual. 50 mg of
total protein in the lysate were mixed with NuPAGE sample buer and
NuPAGE sample reducing agent and then loaded on gels. To determine
protein, size a pre-stained protein ladder was loaded on each gel (Thermo
Fisher).
MES running buer: 50 mM MES; 50 mM Tris Base; 0.1 % (w/v) SDS;
1 mM EDTA; pH 7.3
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2.9 Western Blot
Proteins were transferred from NuPAGE Precast Gel to PVDF mem-
brane (IPVH00010, Millipore) by semi-dry blotting method according to
the NuPAGE Precast Gel System protocol. Upon electrophoretic sepa-
ration gels were equilibrated in NuPAGE transfer buer for 10 min and
placed on a methanol activated PVDF membrane. Protein transfer was
performed for 1 h at 25 V, mA=1,5gel surface (cm2).
After the transfer gels were stained with colloidal Coomassie, while mem-
branes were stained with Ponceau S to estimate sample loading and qual-
ity of protein separation.
2.9.1 Colloidal Coomassie gel staining
Gels were xed in xing solution for at least 15 min and then incubated
in staining solution overnight at room temperature. Stained gels were
imaged with the G:Box (Syngene) and dried on a slab gel dryer.
Fixing solution: 10 % (v/v) acetic acid; 40 % (v/v) ethanol
Staining solution: 100 g/l ammoniumsulfate; 12 ml/l phosphoric acid;
200 ml/l methanol; 1g/l Coomassie Blue G-250
2.9.2 Ponceau S staining
Activated membranes with transferred proteins were incubated 1 h with
Ponceau S staining solution. The background staining was washed with
water until bands were visible. Subsequently, membranes were dried
and imaged with the G:Box (Syngene). After imaging membranes were
activated with methanol, and the dye was washed o with 1 x TBS-T
TBS-T: 20 mM Tris/HCl, 137 mM NaCl, pH 7.6, 0.001 % (v/v) Tween
20
10x Ponceau S staining solution: 2 % (w/v) Ponceau S; 30% (v/v) acetic
acid
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Ponceau S staining solution could be stored for 1 year at 4 C and diluted
to 1x working concentration with dH2O just before using.
2.9.3 Immunostaining and detection
To prevent unspecic antibody binding, PVDF membranes were blocked
in 5 % (w/v) non-fat milk powder (AppChem) in TBS-T for 1 h at room
temperature or 4 C overnight. Blocked membranes were incubated with
primary antibodies (Table 2.4) for 1 h at room temperature or overnight
at 4 C and then 30 min with horseradish peroxidase (HRP) conjugated
secondary antibodies (Table 2.5). After each antibody incubation, the
membrane was washed three times for 10 min with TBS-T.
Table 2.4: Primary antibodies used for Western Blot analysis
Antigen Producer Ab Dilution Molecular weight of
detected bands
CK8/18 Abcam
(EP1628Y)
1:20 000 60-65 kDa (corre-
sponds to keratin type
II bril size)
b-III-Tubulin Santa
Cruz
Biotech
(sc-80005)
1:1 000 55 kDa
b-Actin Sigma-
Aldrich
(A5441)
1:5 000 42 kDa
Sod2 Abcam
(ab13533)
1:5 000 25 kDa
HIF1a Cayman
(10006421)
1:150 100-130 kDa
DNPH Bethyl
(A150-
117A)
1:10 000 Bands of all sizes
Oct4 Santa
Cruz
Biotech
(sc-5279)
1:1 000 45 kDa (corresponds
to pluripotency-
specic isoform A)
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Table 2.5: Secondary antibodies used for Western Blot analysis
Antigen Producer Ab Dilution
Anti-mouse GE Healthcare (NXA931) 1:5 000
Anti-rabbit Agrisera (AS09602) 1:10 000
Anti-goat Santa Cruz Biotech (sc-2020) 1:10 000
Detection was performed using the ECLPlus Detection Kit (GE Health-
care) according to the manufacturer's manual. Membranes were imaged
with the G:Box (Syngene). The chemilumnescent signal of HRP was de-
tected each 1-10 min for 1 h. Received images were checked for signal
saturation and unsaturated images were used for protein amount analy-
sis. The signal was evaluated by the software GeneTools (Syngene) as an
optical density using the rolling disk method for background subtraction
and correction.
For reusing membranes, antibodies were removed by incubation with
stripping buer at 55 C for 30 min. After stripping membranes were
washed at least two times for 15 min with dH2O.
Stripping buer: 62,6 mM Tris/HCl; 2 % (w/v) SDS; 100 mM
b-mercaptoethanol; pH 6.7.
2.10 Blue Native PAGE
2.10.1 Sample preparation
Isolated mitochondria samples that contained 200 mg of total protein were
pelleted for 10 min 12 000 xg. The supernatant was removed and the
pellet was diluted in 12 ml of lysis buer. Then 2 ml of 10% (w/v) digi-
tonin solution in lysis buer were added to solubilise membrane proteins.
Samples were incubated on ice for 10 min. Afterwards, samples were
centrifuged 20 min at 13 000 xg at 4 C and 5 ml of loading buer was
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added to the supernatant.
Lysis buer (1ml): 10 ml 5 M NaCl; 3.3 ml 1.5 M aminocapronic acid; 50
ml 1 M imidazole; 1 ml 1 M AEBSF; 30 ml l00x IPC
Loading buer: 10 % (w/v) glycerol; 001 % (w/v) Ponceau S
2.10.2 Running conditions
Electrophoresis was performed in the MiniVE-system (GE Healthcare).
All running procedures were performed at 4 C. Samples were loaded
onto 3-13 % gradient gel including a 2.5 % spacer gel. The NativeMark
unstained protein standard from the high molecular weight gel ltration
calibration kit (thyroglobulin mono-/dimer: 669/1,300 kDa, ferritin: 440
kDa, aldolase: 158 kDa) was used as molecular weight markers.
The upper buer chamber was lled with cathode buer A while the
lower chamber with anode buer. The gel was running at 30 V for 30
min to stack samples and then at 110 V until the blue dye reached the
middle of the gel. Then the cathode A buer was replaced by cathode B
buer and the gel ran at 110 V until the blue dye ran o the gel (or 25
V overnight).
Finally, the gel was removed from the running system and used for in-gel
activity stainings or for 2D-SDS PAGE.
Cathode buer A: 50 mM tricine; 7.5 mM imidazole; 0.2 g/l Serva blue
G-250; pH 7.0
Cathode buer B: 50 mM tricine; 7.5 mM imidazole; 0.02 g/l Serva blue
G-250, pH 7.0
Anode buer: 25 mM imidazole; pH 7.0
2.10.3 In-gel activity staining
After Blue Native PAGE mitochondria electron transport chain com-
plexes stay assembled and therefore active. In-gel staining could be used
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to visualise mETC complexes and supercomplexes.
In-gel activity assay for complex I (NADH dehydrogenase)
Gel lines were equilibrated in 2 mM Tris/HCl pH 7.4 for 1 h at room tem-
perature. Then samples were incubated in buer I at room temperature
until purple bands appeared.
Buer I: 2 mM Tris/HCl pH 7.4; 0.1 mg/ml NADH; 2.5 mg/ml nitro
blue tetrazolium
In-gel staining for complex IV
Gel strips were incubated in equilibrating buer for at least 2 h and then
in buer IV until the staining appeared.
Equilibrating buer: 270 mM glycine/tris; 14 mM MgCl2; pH 8.4
Buer IV: 50 mM KPPi; 75 mg/ml Sucrose; 1 mg/ml diaminobenzidine;
0.5 mg/ml cytochrome c (reduced); pH 7.4
2.10.4 Second dimension SDS-PAGE
A gel lane from a Blue Native gel was incubated in equilibration buer
for 20 min at room temperature and placed on top of a 12 % separating
polyacrylamide gel with the combination of 8 % of spacer gel (containing
0.25 % SDS) and xed on place with 0.5 % agarose solution in running
buer. The gel was running 60 V for 1 h to load proteins in a gel and
then 120 V until the separation of the PAGE plus ruler (Thermo Fisher).
Then proteins were blotted onto PVDF membrane using a semi-dry blot
system and probed with antibodies against Total OXPHOS Blue Native
WB Antibody Cocktail (Abcam) 1:250 dilution. The cocktail contains
antibodies against CI-NDUFA9 ab14713 (MS111), CII-70 kDa subunit
ab14715 (MS204), CIII-Core protein 2 ab14745 (MS304), CIV-subunit
IV ab14744 (MS407) and CV-a subunit ab14748 (MS507). Detection
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was performed using the ECLPlus Detection Kit (GE Healthcare) ac-
cording to the manufacturer's manual. The chemiluminescence signal
was revealed on lm (Amersham hyperlm ECL, GE Healthcare) with
exposure time 30 s, 5 min, 10 min, 20 min. 30 s exposure was optimal
for all signals except CIV-subunit IV (20 minutes exposure).
Equilibrating buer: 1 % (w/v) SDS; 2 ml/ml TCEP; 1 mM AEBSF
2.11 Immunocytochemistry
Cells were plated in glass-bottom 3.5 cm plates (81156 Ibidi) or on sterile
cover slips (104112 Grace bio-labs) and grown as described above.
Cells were xed in 10 % NBF (Neutral Buered Formalin solution) for 30
min at room temperature and washed with ice-cold PBS. To permeabilize
cells samples were incubated for 10 min with PBS containing 0.25 %
Triton X-100 and then washed in PBS three times for 5 min.
Then samples were incubated in 10 % normal goat serum in PBS-T (0.1
% (v/v) Tween 20 in 1x PBS) for 1 h at room temperature to block non-
specic binding. After blocking samples were incubated with primary
antibodies in 1.5 % normal goat serum in PBS-T for 1 h at room tem-
perature or overnight at 4 C and then with secondary Alexa Fluor 488
antibodies for 1 h at room temperature. After each antibody incubation,
cells were washed three times with PBS-T for 5 min. For immunocy-
tochemistry we used the same primary antibodies as for Western Blot
analysis, but in higher concentrations:
 CK8/18 1:150
 Oct4 1:100
 b-III tubulin 1:100
To visualise signals, we used secondary antibodies fused to Alexa Fluor
488:
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Table 2.6: Secondary antibodies used for Immunocytochemistry
Antigen Producer Ab dilution
Anti-Mouse Thermo Fisher (A-11029) 1:500
Anti-rabbit Thermo Fisher (A-11034) 1:500
For nuclear staining, cells were incubated for 20 min in NucBlue reagent
(Thermo Fisher) that contained Hoechst. Cells grown on plates were
visualized immediately. Cells grown on cover slips were used to prepare
long lasting samples by pacing on a microscope slide with a drop of Bright
Mount Plus mounting medium (Abcam). These samples could be stored
at -20 C for at least a year and examined again if necessary. Images
were acquired using Axio Obserber Z1 inverted microscope (Zeiss).
2.12 Fluorescence microscopy
Images were acquired using Axio Obserber Z1 inverted microscope from
Zeiss equipped with:
 Camera: Axiocam MRm
 Objectives: 40x/1.2 W C Apo DICIII, 10x/0.3 EC Plan-Neouar
Ph1
 Filter set: 38HE DAPI (excitation 470/40, emission 525/50), 43HE
(excitation 550/25, emission 605/70), 49 HE Red (excitation G365,
emission 445/50), 50HE Cy5 (excitation 640/30, emission 690/50),
46 HE YFP (excitation 500/25, emission 535/30)
 Light source: Illuminator HXP 120 V
Image analysis was performed with AxioVision software (Zeiss) and Im-
ageJ (Wayne Rasband).
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2.13 Flow cytometry
Fluorescence signals from single cells were measured by Flow Max CyFlow
Class 1 (Partec) equipped with:
 Blue 20-04P Laser (488 nm)
 Filter Bands: IBP 527 DF 30 (FL1); IBP 590 DF 50 (FL2)
Data were collected for 10 000-20 000 cells for each experiment. Received
data was analysed with Flow Max software (Partec).
2.14 MitoSox staining for microscopy imag-
ing
Cells were plated in glass-bottom 3.5 cm plates (81156 Ibidi) 4104
cells/cm2 and grown under normal conditions for 24 hours. Then cells
were washed with warm PBS and mitochondria were stained with 0.1 mM
MitoTracker Green (Thermo Fisher) for 10 min in growing media with
10 % FBS. After that cells were washed with warm PBS and loaded with
1 mM MitoSox for 15 min in growing media without FBS. Then cells were
placed in growing media with treatments and incubating under normal
conditions. The imaging was performed 30 min, 1 h, 3 h, 5 h, 12 h,
and 24 h after MitoSox staining. The MitoSox signal was increasing in
all samples including not treated control 1 h after staining. After that
the signal was stable for at least 24 h. Cells were incubated in NucBlue
reagent to stain nuclei.
2.15 MitoSox staining for ow cytometry
Cells were plated in cell culture growing dishes 4104 cells/cm2 and
grown for 24 hours. Then cells were washed with warm PBS and loaded
with 1 mM MitoSox for 15 min. Afterwards, cells were grown in a media
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with treatment for 12 h. After that, cells were collected by trypsinization,
resuspended in PBS and used for ow cytometry measurements.
2.16 Immunocytochemistry for ow cytom-
etry
3106 cells were collected by trypsinization and resuspended in PBS.
Then cells were xed in 4 % NBF for 10 min and placed on ice. To perme-
abilize cells, samples were incubated for 30 min with ice-cold methanol.
Then samples were washed three times with PBS, resuspended in stain-
ing buer with CK8/18 antibodies (1:20). Cells were incubated for 1 h
and washed three times with staining buer. After washings, cells were
incubated with 1:500 Alexa Fluor 488 conjugated secondary antibodies
in staining buer for 1 h and then washed three times. Cells were diluted
in fresh staining buer and cell suspension was used for ow cytometry
analysis.
Staining buer: 0.5 % (w/v) BSA in 1x PBS
2.17 Microarray
Samples for microarray was extracted from cells grown under normal
conditions, treated with 5 nM myxothiazol or grown under hypoxia con-
ditions (1 % O2) for 12 h. Total RNA was prepared from 5106 cells
with RNeasy Mini Kit (Qiagen) and RNase-Free DNase Kit (Qiagen)
according to manufacturer's instructions. RNA samples were collected
from four independent experiments.
RNA integrity was validated by using 2100 Bioanalyzer (Agilent Tech-
nologies). All samples showed the very high integrity (RNA integrity
value  9,6 with 10 { maximal integrity and 7 { appropriate integrity for
microarray analysis).
Chip-hybridisation steps were performed by Gene Expression Facility
of Max Planck Institute of Molecular Cell Biology and Genetics. The
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mRNA samples were transcribed in cDNA, labelled with One-Color Micro-
array-Based Gene Expression Analysis kit (Agilent Technologies) and 150
ng of labelled samples were hybridized on chips (Agilent Genomics 3GX).
Chips were imaged with the Agilent microarray confocal laser scanner.
Microarray data were processed with GeneSpring software (Agilent Ge-
nomics).
2.18 Statistical analysis
Data in this work are present as mean  Standard Deviation (SD). Mean
values were calculated from at least three independent experiments.
The mean was calculated using following formula:
x = 1=2
nX
i=1
xi
Standard Deviation was calculated using following formula:
SD =
vuut1=(n  1) nX
i=1
(xi   x)2
The calculation was performed with SatPlus software (AnalystSoft).
Means were compared with t-test using the free online version of Prism
7 software (GraphPad). p-values  0.05 were regarded as statistically
signicant.
For all ow cytometry data one sample t-test was used as recommended
here (Bushnell 2015). For all other experiments, unpaired t-test was
used.
Microarray data was processed with GeneSpring software (Agilent Ge-
nomics), following producer's recommendations. The low signals (lower
than 20th percentile) were cut-o during background corrections. The
level of gene expression in myxothiazol treated and hypoxia samples
were compared to control samples, using unpaired t-test and Benjamini-
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Hochberg corrections.
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Results
3.1 Cellular respiration is activated during
dierentiation of P19 cells
Undierentiated P19 cells possess a morphology that is common for stem
cells: a round shape and a high nuclear to cytoplasm ratio (Figure 3.1).
They also express the pluripotency marker Oct4 (Figure 3.1), a tran-
scriptional factor mainly localised in nuclei.
Upon addition of 1 mM RA for 4 days, P19 cells dierentiated to trophoblast-
like cells that express CK8/18 (TROMA1) keratin proteins (Figure 3.2,
3.4 A). Moreover, dierentiated cells expressed a higher amount of b-III-
tubulin protein that is commonly used as an early neuron marker (Figure
!"#$%&'"()# !"#$*%&'"()#+,-,,,
+
Figure 3.1: P19 cells morphology. Fluorescent and DICIII images of
P19 cells. Cells were stained with antibodies against pluripotency factor
Oct4 (green). Nuclei were stained blue with Hoechst. 40x magnication,
the scale is 20 mm.
51
Results
!"#$%&'()*+,-. /01110.23'()*+,-.
Figure 3.2: Trophoblast morphology of dierentiated cells. Fluo-
rescent images of dierentiated cells. Cells were stained with antibodies
against dierentiation markers CK8/18 and b-III-tubulin (green). Nuclei
were stained blue with Hoechst. 40x magnication, the scale is 20 mm.
3.2, 3.4 A). The respective cells, however, did not demonstrate a neuron
morphology (Figure 3.2). In the course of dierentiation, cells completely
lost the pluripotency marker Oct4 (Figure 3.4 A). The absence of Oct4
expression in dierentiated cells indicated a complete dierentiation, no
pluripotent cells were left in the samples.
Under a slightly modied dierentiation protocol, P19 cells gave rise to
b-III-tubulin expressing cells with a neuron-like morphology (Figure 3.4
A, 3.3). To induce this neural dierentiation non-attached P19 cells were
grown in the presence of 1 mM RA for 4 days. During this time, cells
formed 3D structures { embryoid bodies (Figure 3.3). Upon plating these
cells in normal asks, they were grown in an attached form for 4 days with
1 mM RA, the cells expressed the dierentiation markers b-III-tubulin and
CK8/18, but not the pluripotency marker Oct4 (Figure 3.4 A), suggesting
that the \neural protocol" resulted in complete dierentiation.
For a large variety of stem cells it was shown that the oxidative metabolism
is activated during dierentiation. P19 cells rely mostly on glycolysis
for energy production (Vega-Naredo et al. 2014). To test whether P19
cells behave similarly to other stem cells and show an activation of the
oxidative metabolism during dierentiation, we followed the cellular res-
piration activity during their trophoblast and neural dierentiation.
We used Clark electrode to measure the amount of oxygen consumed by
cells. Both trophoblast (3.80.35 nM of oxygen was consumed for one
minute by one million of cells) and neural dierentiated cells (3.70.24
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Figure 3.3: Neural dierentiation protocol yields neuron-like cells
expressing b-III-tubulin. A. Microscopic image of embryoid bodies.
Cells were imaged by phase contrast objective, 10x magnication, the
scale is 200 mm. B. Fluorescence image of neuron-like dierentiated cells.
Cells were stained with antibodies against the dierentiation marker b-
III-tubulin (green). Nuclei were stained blue with Hoechst. 10x magni-
cation, the scale is 50 mm.
nM of oxygen was consumed for one minute by one million of cells) were
characterized by increased oxygen consumption compared to not dier-
entiated cells (1.170.08 nM of oxygen was consumed for one minute by
one million of cells) (Figure 3.4 C). These results suggested that oxida-
tive metabolism activates during dierentiation of P19 cells and therefore
P19 cells acted the same way as previously described stem cells.
An increased respiration level is frequently accompanied by increased
ROS production due to electrons leaking from mETC and leading to
the formation of superoxide. To test whether the observed increased
oxygen consumption upon dierentiation would also lead to an increase
in ROS formation, we compared the ROS levels in P19 cells and their
dierentiated derivatives.
To this end MitoSox, a ROS-sensitive uorescent probe, was used. Ac-
cording to manufacturer (Thermo Fischer), the MitoSox probe is selective
for mitochondrial superoxide and therefore accurately reects the level of
ROS production in living cells. After optimisation of the staining proto-
col (see materials and methods) a stable MitoSox signal co-localized with
the mitochondrial MitoTracker signal was obtained (Figure 3.5). From
this observation, we concluded that MitoSox staining is a suitable tool
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Figure 3.4: Cellular respiration activates during trophoblast
and neural dierentiation of P19 cells. A. Western Blot analy-
sis of pluripotency marker (Oct4) expression and dierentiation marker
(CK8/18 and b-III-tubulin) in not dierentiated P19 cells and their tro-
phoblast (Tr) and neural (Neu) dierentiated derivatives. b-actin was
used as a loading control. Additionally, loading accuracy was visual-
ized by Ponceau S staining of proteins on PVDF membranes as well as
Coomassie in-gel staining. Molecular weights of all proteins corresponded
to these expected (see materials and methods Table 2.4). B. Oxygen
consumption rate displayed as nM of oxygen consumed by one million of
cells in one minute. Data show means  SD for n=3. The mean oxygen
consumption rates of trophoblast (Tr) and neural (Neu) dierentiated
cells were compared to not dierentiated (ND) with unpaired two-tailed
t-test, *** { p-value  0.005, **** { p-value  0.001. C. MitoSox signal
measured by ow cytometry displayed as a fold change of MFI of tro-
phoblast (Tr) and neural (Neu) dierentiated cell populations compared
to not dierentiated P19 cells. Data show means  SD for n=3. Shifts of
MFIs of Tr and Neu cells were compared to ND with one sample t-test,
* { p-value  0.05.
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Figure 3.5: MitoSox signal is co-localized with the mitochondrial
MitoTracker signal. Fluorescent images of P19 cells. Cells were co-
stained with MitoSox (red) and MitoTracker (green). Nuclei were stained
blue with Hoechst. 40x magnication, the scale is 20 mm.
to investigate mitochondrial ROS.
Upon staining with MitoSox cells were analysed by ow cytometry. Both
trophoblast and neural dierentiated cells showed a signicant increase
in the mean intensity of MitoSox uorescence (1.750.17 and 1.460.11-
fold increase, respectively, compared to undierentiated cells) (Figure 3.4
C). These results indicate increased mitochondrial superoxide production
associated with increased mETC activity in dierentiated cells compared
to control.
Our data show that cellular respiration is activated both during tro-
phoblast and neural dierentiation. We can therefore conclude that the
P19 cell line behaves similarly to embryonic stem cells and provides a
good model to study metabolic shift during dierentiation.
3.2 P19 cells contain mature mETC ma-
chinery that is activated during dier-
entiation
Cellular respiration in undierentiated P19 cells is lower than in their dif-
ferentiated derivatives. A possible reason for the low oxidative metabolism
in P19 cells could be that the mETC machinery is not completely assem-
bled and thus unable to sustain a higher respiration rate. Increased
respiration rate frequently requires adaptation of the respiratory chain
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complexes (I-IV) and/or their \supercomplex" structure. Therefore, we
compared the mETC structure of P19 cells, cells from embryoid bodies,
trophoblast and neuron derivatives.
We employed Blue Native (BN) PAGE as a method to analyse membrane-
associated mETC complexes. During BN-PAGE the mETC complexes
stay in an active conformation and supercomplexes are preserved (Schagger
2001). Enzymatically active mETC complexes can be detected by in-gel
staining (Figure 3.6), and their subunit structure can be analysed by a
second dimension SDS-PAGE (Figure 3.7).
200 mg of intact mitochondria protein from undierentiated P19 cells
(ND), embryoid bodies (EB), trophoblast (Tr) and neural (Neu) dier-
entiated cells were solubilized with the non-ionic mild detergent digitonin
and separated on a BN-PAGE. After the rst dimension, part of the gel
was stained for complex I and IV activity, while the remaining gel was
used for a subsequent SDS-PAGE to reveal the subunit structure of the
respiratory chain complexes.
Complex I and complex IV activity was not changed in dierentiated
cells compared to undierentiated control cells. The active complex I
was visible as a purple band at a molecular weight of around 1 MDa
in all samples (Figure 3.6, CI). Besides a monomeric form of complex I
we also observed bands of higher molecular weight. These bands corre-
sponded to the active complex I in supercomplex structures (Figure 3.6;
supercomplexes C, D, and E). The active complex IV was visible as a
brown band with a molecular weight of around 440 kDa (Figure 3.6; CIV)
corresponding to the dimeric form of complex IV (Krause et al. 2005).
Additional bands of higher molecular weight corresponded to complex
IV included in supercomplex structures (Figure 3.6; supercomplexes A,
B, and E).
In-gel activity staining revealed similar supercomplexes in all samples.
To investigate their composition, we loaded gel strips of the BN-PAGE
on SDS-PAGE. Under the reducing and denaturing condition the com-
plexes and supercomplexes are dissociated into their subunits and anal-
ysed by immunostaining with an antibody cocktail containing antibodies
against one core subunit for each of mETC complexes (see materials and
methods). According to the manufacturer (Abcam) the concentration of
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Figure 3.6: Complex I and complex IV are not altered during
dierentiation. In-gel activity staining of complex I (CI) and IV (CIV)
separated by BN-BAGE. Each line was loaded with 200 mg of intact mi-
tochondria extracted from not dierentiated P19 cells (ND), embryoid
bodies (EB), trophoblast (Tr) and neural (Neu) dierentiated cells. Ac-
tive CI staining revealed as purple bands corresponding to monomer CI or
CI included in supercomplexes C, D, and E. Active CIV staining revealed
as brown bands corresponding to dimer CIV2 or CIV included in super-
complexes A, B, and E. Molecular weight of structures was compared
to a marker. Coomassie staining revealed the most abundant proteins.
All in-gel stainings were performed at least three times, here the most
representative results are present.
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antibodies was optimised to see equal signals from each complex with
the same exposure time. However, the complex IV staining proved to
be signicantly weaker than the others. Therefore, in Figure 3.7 A the
detection of the same membrane is shown with dierent exposure times.
mETC supercomlexes in undierentiated cells were very similar to these
of dierentiated cells. In all samples complex I was present in its monomeric
form (CI) and in supercomplexes C, D, and E (Figure 3.7 A). Complex II
was present as a monomeric complex (CII). Additionally, undierentiated
cells contained a CII signal in a lower molecular weight range probably
corresponding to not or partially assembled CII (Figure 3.7; CII). Com-
plex III structure also diered in P19 cells and dierentiated derivatives:
the complex III dimer could only be detected in P19 cells, but not in
dierentiated cells (Figure 3.7; red arrow). Complex III, however, was
equally present in supercomplexes (A, B, C, D, and E) in both dieren-
tiated and undierentiated cells (Figure 3.7). Complex IV was detected
as a dimer (CIV2) and as part of A, B, and E supercomplexes (Figure
3.7). Finally, ATP-synthase was in both cell types mainly detected as
two signals, possibly reecting its mono- and dimeric form.
On the basis of the in-gel activity stainings, immunodetections and in-
formation about molecular weight of supercomplexes we can propose re-
garding their composition (Figure 3.7 B) that the observed supercom-
plexes were identical to the previously described active supercomplexes
extracted from bovine heart (Schafer et al. 2006). Moreover, the com-
position of at least two of them (D, and E) correspond to respirasome
(Figure 1.2).
In summary, the analysis of the mETC machinery shows that P19 cells
contain functional mature respirasomes that possess low respiratory ac-
tivity. During dierentiation, only minor changes of mETC occur: all
complex III dimers are included in supercomplexes and complex II is
completely assembled. These changes, however, are accompanied by the
signicant increase in respiratory activity.
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Figure 3.7: Not dierentiated P19 cells contain assembled res-
pirasomes. A. 2D-SDS/BN-PAGE that separated mETC structures
received from P19 cells and trophoblast dierentiated cells. The im-
munostaining revealed mETC complexes (CI, CII, CIII2, CIV2, CV, and
CV2) as well as supercomplexes structures (A, B, C, D, and E). The red
arrow points to the position where CIII2 should be located. Here the
same membranes but dierent exposure times (20 min compare to 30 s
for all other antibodies) are shown because antibodies against subunit
of complex IV are weaker compared to others. B. The table shows pre-
diction of supercomplexes compounds based on in-gel activity stainings,
immunostainings and literature data.
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3.3 Inhibition of mETC activity increases
amount of CK8/18+ trophoblasts and
prevents neurogenic dierentiation
We showed that cellular respiration was activated during dierentiation
of P19 cells. Moreover, several papers claim metabolic switch during
dierentiation (Chen, Shih, et al. 2008; Chung et al. 2007; Vega-Naredo
et al. 2014; Wanet, Remacle, et al. 2014; Zhang, Marsboom, et al. 2013).
However, we do not know if the switch is just a consequence of dieren-
tiation or a regulatory mechanism. To answer this question, we aimed
to investigate the impact of a disrupted mitochondrial respiration on the
dierentiation potential of P19 cells.
Cellular respiration was disrupted with chemical inhibitors of mETC. (1)
Rotenone blocks the electron transport from the Fe-S cluster of complex
I to ubiquinone. (2) Antimycin A blocks the Qi site and (3) myxothiazol
occupies Q0 site and prevents the electron ow through complex III.
Finally, (4) potassium cyanide binds to complex IV and prevents the
electron transport to oxygen. In our work, we used all these inhibitors
to discriminate individual side eects that each could potentially cause.
The concentrations of all inhibitors were so small (Table 2.3) that they
did not inuence cell growth and morphology.
To test the inuence of mETC activity on the dierentiation potential
of P19 cells we added rotenone, antimycin A, myxothiazol or potassium
cyanide to the dierentiation medium. The eciency of trophoblast dif-
ferentiation was estimated by the amount of CK8/18 protein by Western
Blot analysis (Figure 3.8 A). Antimycin A and myxothiazol signicantly
increased the amount of CK8/18 protein (4,70,7 and 4,30,7-fold in-
crease, respectively) (Figure 3.8 B). Rotenone had a weaker eect on
CK8/18 expression (3,51,3-fold increase) that was not statistically sig-
nicant. Nevertheless, these data may be biologically signicant because
we observed increased CK8/18 expression in every repeat, but with a
high variability of expression rate. Cyanide had no eect on CK8/18
expression (1,20,3 times increase) (Figure 3.8 A, B). b-actin that was
used as an internal standard, had the same signal intensity in all probes
of the Western Blot analyses (an example is shown in Figure 3.8 C). As
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Figure 3.8: mETC inhibitors increase the eciency of tro-
phoblast dierentiation. A. Western Blot analysis of dierentiation
marker CK8/18 and b-III-tubulin expression in cells dierentiated with
rotenone (Rot), antimycin A (Ant), myxothiazol (Myx) or potassium
cyanide (Cya). b-actin was used as a loading control. Additionally, load-
ing accuracy was visualized by Ponceau S staining and Coomassie in-gel
staining. B. Quantitative analysis of protein amount. Bars show mean
fold change of protein amount (measured as optical density { O.D.) com-
pared to control not treated dierentiated cells SD. O.D. measurements
were received from at least three separate immunoblots. Fold change
dierences were compared with one sample t-test, * { p-value  0.05.
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an additional loading control, Ponceau S staining of proteins on PVDF
membranes and Coomassie in-gel staining were used (Figure 3.8 A).
The elevated concentration of CK8/18 could be explained either by an
increased amount of CK8/18 in each cell or by an increased amount of
CK8/18+ cells upon dierentiation. To discriminate between these two
possibilities, we performed immunostaining of the cells with further vi-
sualisation of the CK8/18 signal by ow cytometry. This method allows
estimating the intensity of the CK8/18 signal from each individual cell as
well as to calculate the proportion of CK8/18+ cells in the population. As
expected, in undierentiated P19 cells no CK8/18+ cells were observed:
all cells were located within the CK8/18 negative R1 gate (Figure 3.9 A).
The standard trophoblast dierentiation protocol yielded a cell popula-
tion with half of the cells expressing CK8/18 (41.5 %  14 %) (Figure
3.9 A; gate R2). The presence of rotenone, antimycin A or myxothiazol
during dierentiation led to a signicant increase of CK8/18+ cells in the
cell population (respectively 16.3 %  5.7 %, 31.6%  10.7 %, and 40.4
%  13.1 % increase compared to control) (Figure 3.9 B). Cyanide did
not change the proportion of CK8/18+ cells (Figure 3.9 B). The peak
of CK8/18+ FI was not altered (Figure 3.9 A), suggesting that both
treated and untreated dierentiated cells within the CK8/18+ popula-
tion expressed the same amount of CK8/18+.
This result suggests that disruption of the electron ow at complex
I or complex III enhances dierentiation by increasing the amount of
CK8/18+ trophoblast-like cells in the dierentiated cell population. How-
ever, the data do not allow to make a statement about the specicity of
this eect.
To address the question if the eects of the inhibitors inuence exclusively
trophoblast dierentiation, we induced neuron dierentiation in presence
of the same concentration of mETC inhibitors. The eciency of neural
dierentiation was estimated by the amount of the early neuron marker
b-III-tubulin by Western Blot analysis (Figure 3.10 A).
Rotenone, antimycin A, and myxothiazol signicantly decreased the amount
of b-III-tubulin compared to control cells dierentiated under normal con-
ditions (0.370.02, 0.260.01 and 0.200.07 fold change respectively)
(Figure 3.10 B). Althougth rotenone, antimycin A, and myxothiazol de-
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Figure 3.9: mETC inhibitors increased the proportion of
CK8/18+ in the population of dierentiated cells. A. CK8/18
expression analysis with ow cytometry. Not dierentiated (ND) and
trophoblast dierentiated cells were stained with antibodies against
CK8/18. The signal was detected by ow cytometry. Results are shown
as FI distribution histogram. R1 and R2 gates show CK8/18- and
CK8/18+ populations respectively. Measurements were repeated at least
three times, characteristic gures are present. B. Changes in the pro-
portion of CK8/18+ cells in the the population of dierentiated cells.
Bars show mean change of CK8/18+ proportion in % compared to not
treated dierentiated cells  SD. The proportion of CK8/18+ cells were
received from at least three independent repeats. Change in CK8/18+
cells amount was compared using one sample t-test, * { p-value  0.05.
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Figure 3.10: mETC inhibitors prevent neural dierentiation. A.
Western Blot analysis of dierentiation marker CK8/18 and b-III-tubulin
expression in cells dierentiated with rotenone (Rot), antimycin A (Ant),
myxothiazol (Myx) or potassium cyanide (Cya). b-actin was used as a
loading control. Additionally, loading accuracy was visualized by Pon-
ceau S staining and Coomassie in-gel staining. B. Quantitative analy-
sis of protein amount. Bars show mean fold change of protein amount
(measured as optical density { O.D.) compared to control not treated
dierentiated cells  SD. O.D. measurements were received from at least
three separate immunoblots. Fold change dierences were compared with
one sample t-test, * { p-value  0.05, ** { p-value  0.01 C. Western
Blot analysis of pluripotency marker Oct4 and dierentiation marker
b-III-tubulin expression in not dierentiated cells (ND) and cells dier-
entiated with rotenone (Rot), antimycin A (Ant), myxothiazol (Myx) or
potassium cyanide (Cya).
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creased the expression of dierentiation marker b-III-tubulin, they did
not inuence expression of pluripotent factor Oct4 (Figure 3.10 C). This
means that the inhibitors did not prevent dierentiation and that the
dierentiation occurred completely. Moreover, mETC inhibitors drasti-
cally increased the amount of CK8/18 expression (6.75.7, 13.73.8 and
12.45-fold change compared to control dierentiated cells), indicating
that cells dierntiated in trophoblasts.
To monitor cellular morphology during neural dierentiation we per-
formed immunostaining with further visualisation of b-III-tubulin signal
under the uorescence microscope (Figure 3.11). Under normal condi-
tions neural dierentiation yields a signicant amount b-III-tubulin+ cells
with neuron morphology. Moreover, these cells connect with each other
forming clusters that are characteristic for neurons. The presence of
rotenone signicantly decreases the number of neuron-like cells (Figure
3.11; Rot) while antimycin A and myxothiazol almost completely pre-
vent neural dierentiation (Figure 3.11; Ant and Myx). Some cells still
expressed b-III-tubulin (what could explain the presence of the relatively
strong b-III-tubulin signal in Figure 3.10 A), but they did not show a
neuron-like morphology (Figure 3.11; Ant and Myx).
In summary, our results suggest that mETC inhibitors of complex I and
complex III, but not complex IV increased the eciency of trophoblast
dierentiation, while almost preventing neural dierentiation. Appar-
ently mETC inhibitors do not generally prevent dierentiation (due to
complete Oct4 expression loss in dierentiated cells), but rather direct
it in certain cell types towards increased probability of trophoblast dif-
ferentiation. The data demonstrate that mETC activity is important for
the regulation of dierentiation. Interestingly, the strongest and more
reproducible eects were caused by Antimycin A and Myxothiazol. Both
compounds target complex III suggesting an exclusive role of complex
III in the regulation of dierentiation.
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Figure 3.11: Complex I and complex III inhibitors prevent the
formation of neuron-like cells during dierentiation. Fluorescence
image of neural dierentiated cells dierentiated with rotenone (Rot),
antimycin A (Ant) or myxothiazol (Myx) and stained with antibodies
against b-III-tubulin (green signal). Nuclei were stained with Hoechst
(blue signal). Experiments were repeated three times for each condition.
For each repeat, at least ve pictures were taken. The most characteristic
pictures are shown. 10x magnication, the scale is 100 mm.
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Figure 3.12: mETC inhibitors did not inuence energy level in
cells. ATP/ADP ratio was measured by the commercial bioluminescent
assay. Bars show ATP/ADP ratio  SD. The experiment was repeated
ve times.
3.4 mETC inhibitors inuence dierentia-
tion through ROS production
Dierentiation is accompanied by changes in cellular morphology that
require energy. Cellular respiration is the most eective form of energy
production. Therefore, blocking the electron ow by mETC inhibitors
signicantly decreases the respiratory activity and is expected to alter
the energetic state of cells, which in turn can signicantly aect dier-
entiation.
To test this hypothesis, we measured with a bioluminescent assay (Sigma
Aldrich) the ATP/ADP ratio in dierentiated cells exposed to rotenone,
antimycin A, myxothiazol or cyanide. We used cells that were dieren-
tiated with the \trophoblast protocol", because they showed the highest
respiration rate in previous experiments (Figure 3.4 B). These cells should
be particularly sensitive to mETC inhibitors because they produce ATP
not exclusively by glycolysis but also by the cellular respiration. Inter-
estingly, none of mETC inhibitors led to any signicant change of the
ATP/ADP ratio (Figure 3.12). These results are in line with previously
published data (Zhang, Marsboom, et al. 2013) that the applied inhibitor
concentrations are too low to inuence the cellular energy level.
Besides ATP production, mETC activity results in the formation of ROS
that are known as second messengers and contribute to the vast variety
of regulative processes, including aging, proliferation, and dierentiation.
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Complex I and complex III are the main ROS sources in mammalian
cells, and their inhibitors signicantly increase ROS production. To vi-
sualise mitochondrial ROS, cells were stained with MitoSox and then
incubated in growing media containing rotenone, antimycin A, myxoth-
iazol or cyanide for 12 hours. Thereafter the MitoSox signal was detected
by ow cytometry. Rotenone, antimycin A and myxothiazol increased
the mean uorescent intensity of the MitoSox signal compared to con-
trol (1.20.02, 1.150.03, 1.150.02-fold change compared to untreated
control cells, respectively) (Figure 3.13 A and B). Cyanide did not have
any signicant eect. Moreover, the expression level of mitochondrial
superoxide dismutase (Sod2) was increased in cells dierentiated in the
presence of mETC inhibitors (Figure 3.13 C). This result is in line with
our data and provides indirect evidence that mETC inhibitors induced
ROS level.
As the MitoSox probe is specic to primary mitochondrial ROS, our
results show that mETC complex I and III inhibitors slightly but sig-
nicantly induce mitochondrial ROS production. Therefore, we could
suggest that ROS molecules participate in signal transduction connect-
ing mETC activity signal to dierentiation potential of P19 cells.
3.5 Hypoxia has the same eects as mETC
inhibitors on dierentiation potential
of P19 cells
So far, we used mETC inhibitors to disrupt mitochondrial metabolism.
Next, we applied an alternative way to inuence mETC electron ow by
decreasing the concentration of the nal electron acceptor oxygen. To
this end, cells were exposed to dierentiation media under hypoxic condi-
tions (1 % O2), and subsequently the eciency of trophoblast and neural
dierentiation was estimated by Western Blot analyses. Hypoxia aected
the dierentiation in a very similar way as mETC inhibitors: it led to an
increase of the amount of CK8/18 protein, both after trophoblast and
neural dierentiation protocols (5.83.4 and 13.48.9-fold increase, re-
spectively, compared to cells dierentiated under normal conditions). At
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Figure 3.13: Rotenone, antimycin A and myxothiazol increase
ROS production. A. MitoSox uorescence analysis with ow cytome-
try. Histograms of FI distribution show a shift of blue FI peak that repre-
sents cells incubated with rotenone (Rot), antimycin A (Ant), myxothia-
zol (Myx) and potassium cyanide (Cya) compared to grey FI peak that
represent not treated control cells from the same experiment. B. Mi-
toSox signal measured by ow cytometry displayed as a fold change of
MFI of Rot, Ant, Myx, and Cya treated cell populations compared to not
treated cells. Data show means  SD for n=3. Shifts of MFIs of treated
and untreated cells were compared with one sample t-test, * { p-value
 0.05, ** { p-value  0.01 C. Western Blot analysis of ROS defend-
ing enzyme Sod2 in cells dierentiated with rotenone (Rot), antimycin
A (Ant), myxothiazol (Myx) or potassium cyanide (Cya). b-actin was
used as a loading control. Additionally, loading accuracy was visualized
by Ponceau S staining and Coomassie in-gel staining.
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the same time the amount b-III-tubulin decreased upon neural dierenti-
ation (0.40.2- fold change compared to cells dierentiated under normal
conditions). Surprisingly, hypoxia led to a slight increase of b-III-tubulin
in cells under the trophoblast dierentiation protocol (31.4- fold change
compared to cells dierentiated under normal conditions) (Figure 3.14 A,
B). Due to the high level of variation these changes were statistically not
signicant. However, as each of three independent repeats showed the
same eects, the results may reect the biological tendency.
As hypoxic conditions inuence dierentiation in a very similar way as
mETC inhibitors do, we reasoned that the inuence of hypoxia may
also occur via ROS signaling. Several studies have shown that hypoxic
conditions can aect complex III activity, hence inducing ROS formation
at complex III. We stained undierentiated cells with MitoSox before
shifting them to hypoxic conditions (1 % O2) for 12 hours. The eciency
of hypoxia induction was proved by HIF1a expression (Figure 3.14 D).
Then the MitoSox signal was measured by ow cytometry and the mean
uorescence intensity of the cell population was calculated. Hypoxia
caused a slight yet statistically signicant increase of the MitoSox signal
intensity (1.070.02-fold increase compared to control cells) (Figure 3.14
B). This increase, however, is much smaller than that caused by mETC
inhibitors. A certain restriction may be imposed by the fact that the
MitoSox signal was measured in living cells and that it was impossible
to completely avoid exposure to normal oxygen concentration during the
measurement. Hence that hypoxia eects on the ROS level could be
masked to some extent.
In summary, hypoxia and mETC complex I and III inhibitors have very
similar eects on the dierentiation potential of P19 cells. A plausible
explanation may be the well-known fact that hypoxia aects complex III
activity thereby potentially inducing ROS formation.
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Figure 3.14: Hypoxia induces the very similar to mETC in-
hibitors phenotype. A. Western Blot analysis of dierentiation marker
CK8/18 and b-III-tubulin expression in trophoblast (Tr) or neural (Neu)
dierentiated derivatives under hypoxic (1 % O2) or normal conditions
(21 % O2). b-actin was used as a loading control. Additionally, load-
ing accuracy was visualized by Ponceau S staining and Coomassie in-
gels staining. B. Quantitative analysis of protein amount. Bars show
mean fold change of protein amount (measured as optical density { O.D.)
in cells dierentiated under hypoxia compared to normal conditions 
SD. O.D. measurements were received from at least three separate im-
munoblots. Fold change dierences were compared with one sample t-
test, * p-value  0.05, ** p-value  0.01. C. MitoSox signal measured by
ow cytometry displayed as a fold change of MFI of P19 cells grown un-
der hypoxia to cells grown under normal conditions. Bars show means 
SD for n=5. MFIs were compared with one sample t-test, *** { p-value
 0.005 D. Western Blot analysis of hypoxia marker HIF1a expression in
P19 cells growen under hypoxic (1 % O2) or normal conditions (21 % O2).
b-actin was used as a loading control. Additionally, loading accuracy was
visualized by Ponceau S staining
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3.6 Paraquat has the same eects as mETC
inhibitors on dierentiation potential
of P19 cells
As both mETC inhibitors and hypoxia induce ROS formation and aect
the dierentiation potential of P19 cells in a similar manner, mETC ac-
tivity possibly inuences dierentiation via ROS levels. To prove this
hypothesis, we induced ROS level by the addition of paraquat, a well-
known generator of intracellular ROS. Unfortunately, the exact mecha-
nism of ROS production by paraquat is still unknown. It is suggested
that paraquat can easily accept electrons from dierent sources and then
transfer them to oxygen resulting in superoxide formation (Krall et al.
1988).
The addition of paraquat caused lethality of the cells during neural dif-
ferentiation, probably due to unspecic eects on some cell types such
as neural and glial cells. Paraquat, however, could be used during tro-
phoblast dierentiation, without having negative eects.
As expected, the presence of paraquat in the dierentiation medium led
to a signicant MitoSox signal increase (1.140.02-fold increase) (Figure
3.15 C). At the same time an increase of CK8/18 expression (3.41.7-
fold increase compared to control cells), similar to the eect of mETC
inhibitors (Figure 3.15 A, B) was observed. The amount of the increase
varied signicantly between various repeats and thus decreased the sta-
tistical signicance. The tendency, however, was always the same sug-
gesting that the results may be biologically signicant. The presence of
paraquat also resulted in increased Sod2 expression (Figure 3.15 E). To-
gether with previous data these results suggest that paraquat inuences
the dierentiation potential similar to mETC inhibitors.
In summary, our data strongly favour the idea that mETC activity ef-
fects cell fate decision during dierentiation. Besides the fact that ox-
idative metabolism is activated during dierentiation, we observed that
disruption of the electron ow through mETC directs the dierentiation
towards trophoblast-like cells, while the dierentiation towards neuron-
like cells becomes less favourable. Although the underlying regulative
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Figure 3.15: Paraquat induces the very similar to mETC in-
hibitors phenotype. A. Western Blot analysis of dierentiation marker
CK8/18 expression in cells dierentiated with paraquat (PQ). b-actin
was used as a loading control. Additionally, loading accuracy was visual-
ized by Ponceau S staining. B. Quantitative analysis of protein amount.
Bars show mean fold change of protein amount (measured as optical
density { O.D.) in cells dierentiated with paraquat compared to control
 SD. O.D. measurements were received from at least three separate
immunoblots. Fold change dierences were compared with one sample
t-test C. MitoSox signal measured by ow cytometry displayed as a fold
change of MFI cells dierentiated with paraquat compared to control.
Bars show means  SD for n=3. MFIs were compared with one sample
t-test, * { p-value  0.05. D. Western Blot analysis of ROS defending en-
zyme Sod2 in cells dierentiated with paraquat (PQ). b-actin was used
as a loading control. Additionally, loading accuracy was visualized by
Ponceau S staining and Coomassie in-gel staining.
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mechanism(s) is/are still unclear, our results suggest that mitochondrial
ROS play a key role in the signal transduction.
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Discussion
4.1 P19 line as a model for stem cell dif-
ferentiation
In our studies, we used a robust and simple model for stem cell research
{ P19 cell line. The P19 line is an ospring of day 7.5 embryo cells
injected in adult mice (McBurney and Rogers 1982). These cells are
characterized by embryonic carcinoma morphology, normal male kary-
otype (McBurney and Rogers 1982) and the potential to give rise to any
adult cell type (Rossant and McBurney 1982). Moreover, the cells rapidly
divide, maintain their embryonic phenotype without feeder cells or addi-
tion of any signal molecules in media, and can be easily dierentiated in
vitro (Bain et al. 1994; Jones-Villeneuve, Rudnicki, et al. 1983; McBur-
ney, Jones-Villeneuve, et al. 1982; Rudnicki et al. 1990; Skerjanc 1999;
Vega-Naredo et al. 2014). Additionally, the mitochondrial morphology
and metabolism in these cells have been partially characterized by some
groups (Jin et al. 2014; Jin et al. 2014).
Stem cells and cancer stem cells have a lot in common: they can di-
vide equally, producing the same cell type, as well as divide unequally,
producing dierent cell type { dierentiate. Although current data indi-
cate that there are a few dierences in proliferation (Cicalese et al. 2009)
and genomic integrity maintenance (Shackleton 2010), there are no cri-
teria that could surely place the P19 cell line in one of the two groups.
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Figure 4.1: Trophoblast dierentiation protocol yields both
CK8/18 positive and negative cells. Fluorescence image of
trophoblast-like cells stained with antibodies against CK8/18 (green).
Nuclei were stained blue with Hoechst. The red arrow shows a CK8/18
negative trophoblast-like cell. 40x magnication, the scale is 20 mm.
However, as P19 cells have carcinoma origin and injection of P19 cells
in mouse blastula cause multiple tumorigeneses in adult mice (Rossant
and McBurney 1982), P19 cells can probably be regarded as pluripotent
cancer stem cells.
We used two protocols to induce dierentiation. Both required the addi-
tion of retinoic acid at a concentration (1 mM). Dierentiation of attached
P19 cells yielded almost exclusively trophoblast-like cells. To induce neu-
ral dierentiation, embryoid bodies (EB) formation was required as an
additional stage.
Dierentiated trophoblast cells were characterized by a specic morphol-
ogy: they were big and at, frequently with two nuclei (Figure 4.1).
Moreover, they expressed a specic intermediate lament that is detected
by TROMA-1 hybridoma antibodies (Edwards, Harris, and McBurney
1983; O'Driscoll, Coulter, and Bressler 2013; Vega-Naredo et al. 2014).
These antibodies recognize type II keratins: cytokeratin 8/18 (Figure
4.1). Trophoblasts with very similar properties normally can be found
in extra-embryonic endoderm and at later developmental stages in the
placenta (Jones-Villeneuve, McBurney, et al. 1982; Tamai et al. 2000).
Our results, however, show that only half of the dierentiated cell pop-
ulation express CK8/18 (Figure 3.9 A). We also observed cells with a
very similar morphology but not expressing CK8/18 (Figure 4.1; red
arrow). It was previously shown that these trophoblast-like CK8/18-
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Figure 4.2: Trophoblast-like CK8/18- cells dierentiated from
P19 cells express vimentin. Phase contrast (a) and uorescent im-
ages. (b) cells stained with serum against vimentin, the scale 20 mm.
(Jones-Villeneuve, McBurney, et al. 1982)
cells express another intermediate lament { vimentin (Jones-Villeneuve,
McBurney, et al. 1982) (Figure 4.2). Vimentin expression is common for
mesenchymal cells (Satelli and Li 2011) suggesting that the trophoblast
dierentiation protocol also results in the appearance of mesoderm cells.
Finally, we noticed that trophoblast dierentiation results in complete
pluripotency marker loss, suggesting no stem cells were left (Figure 3.4
A).
Retinoic acid added to a P19 cell suspension induced EB formation (Fig-
ure 3.3), which is a critical step for neural dierentiation. Disrupted
cellular aggregation prevented neural dierentiation (Schmidt, Brugge,
and Nelson 1992). The exact consequences of the EB stage are still un-
known. Spheroid-like structures probably induce gap junction formation.
Moreover, 3D structures facilitate the formation of molecular gradients
carrying positional information. Signaling in EB results in the formation
of structures that resemble early embryonic stages with rst signs of the
three germ layers (Kurosawa 2007). Although the necessity of EB forma-
tion is not fully understood, it probably serves as an additional stimulus
to induce certain types of dierentiation. After EB formation, cells were
growing in an attached form for 4 days. During this time neuron-like cells
with small round bodies and laments, resembling axons and dendrites,
were formed (Figure 4.3; 1). Filaments connect groups of neurons (Fig-
ure 4.3 2; 3.3 B), forming a neuron network. These neurons functionally
and morphologically were close to neurons of the central neuron system
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Figure 4.3: Phase contrast image of neural dierentiated cells.
Red arrows show specic structures: (1) small neuron-like cells; (2) l-
aments that connect neuron cells; (3) big at trophoblast-like cells; (4)
glial cells. 10x magnication, the scale is 20 mm.
because they expressed tetanus toxin receptors (Jones-Villeneuve, Rud-
nicki, et al. 1983). Besides neuron cells, the neural dierentiation pro-
tocol yielded cells with dierent morphology. Some of these cells were
relatively small and round (Figure 4.3, 4) probably representing glial cells
(Bain et al. 1994). Moreover, we observed big at trophoblast-like cells
(Figure 4.3, 3) as well as CK8/18 trophoblast marker expression (Figure
3.10 A) after neural dierentiation. These results suggest that the neu-
ron dierentiation protocol yields not exclusively neurons (and probably
not exclusively ectodermal cells), but several cell types.
4.2 Oxidative metabolism is activated dur-
ing dierentiation
As the majority of stem cells, P19 cells rely mostly on glycolysis for en-
ergy production (Vega-Naredo et al., 2014). Our results showed that cel-
lular respiration was activated during dierentiation: oxygen consump-
tion was increased in dierentiated cells compared to control (Figure 3.4
B). The mitochondrial morphology, however, did not change during tro-
phoblast dierentiation (Figure 4.4) (Vega-Naredo et al. 2014). Both P19
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Figure 4.4: The mitochondrial morphology did not change dur-
ing trophoblast dierentiation of P19 cells. Electronic microscope
images show mitochondria in P19 cells (P19SCs) and dierentiated tro-
phoblasts (P19dCs), the scales are 3 or 5 mm. (Vega-Naredo et al. 2014).
cells and derived trophoblasts dierentiated from them contained round
mitochondria (arrow in Figure 4.4) and rod-shaped mitochondria in the
equal shares. Round mitochondria are commonly associated with em-
bryonic stem cells, and were hence expected for P19 cells. Unexpectedly,
mitochondria exhibiting a rod-shape morphology correlating with the in-
creased mitochondrial activity in mature cells (Cho et al. 2006), were
also present in P19 cells. Moreover, during trophoblast dierentiation
the mitochondrial morphology apparently did not change. These results
suggest that the mitochondria morphology of P19 cells is dierent from
that in embryonic stem cells. Interestingly, during EB formation of P19
cells, the mitochondrial morphology signicantly changed: EB cells con-
tained round perinuclear mitochondria, very similar to mitochondria of
embryonic stem cells (Figure 4.5) (Jin et al. 2014). In addition to shape
changes, EB are charactarized by a lower mtDNA amount and ATP level
(Jin et al. 2014). Combined, these results suggest de-dierentiation dur-
ing EB formation resulting in a cellular phenotype close to embryonic
stem cells. This could also explain the necessity of cellular aggregation
for neural dierentiation.
To investigate changes of the mitochondrial metabolism during dierenti-
ation, we aimed to monitor the mETC machinery during dierentiation.
Our results show that P19 cells contain fully mature and assembled res-
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Figure 4.5: Mitochondrial morphology was changed during EB
formation. Electron microscope images of P19 cells (left) and cells 3
days after EB formation (right). Arrows show characteristic mitochon-
dria shape. Magnication 10000x, the scale is 2 mm (Jin et al. 2014).
pirasomes exhibiting CI + CIII2 + CIV and CI + CIII2 (Figure 3.6 and
3.7). Only minor signs of maturation can be noticed. First, a small
portion of complex III in P19 cells was present as a dimer that was not
included in respirasomes (Figure 3.7, red arrow). Complex III dimers not
included in supercomplexes are probably inactive. Moreover, P19 cells
probably did not contain a completely assembled complex II (Figure 3.7).
Interestingly, despite the round mitochondria morphology, EB contained
the same mETC machinery as dierentiated cells. In-gel staining did not
show any dierences in complex I and complex IV activities (Figure 3.6)
and 2DBN/SDS-PAGE showed an absence of complex III dimers and
fully assembled complex II (Figure 4.6). Therefore, it is still unclear if
the de-dierentiation during cellular aggregation takes place. Moreover,
it is not clear if the particular mitochondrial changes are common for
other embryonic cell types.
In summary, our results suggest that despite the presence of active mETC,
P19 cells do not make use of it. Both stem cells and cancer stem cells are
characterized by a low level of cellular respiration. The reason for that
is still under debate but according to the most popular points of view
stem cells should have a relatively long life span and hence be protected
from mutation accumulation. Cellular respiration is tightly associated
with superoxide formation because the mETC complex is the main ROS
source in mammalian cells. ROS can be harmful to cells and { among
other things { damage DNA. To avoid such negative eects, cells must
keep cellular respiration low.
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Figure 4.6: EB contain mature respirasomes. A. 2D-SDS/BN-
PAGE that separated mETC structures received from EB. The immunos-
taining revealed mETC complexes (CI, CII, CIII2, CIV2, CV, and CV2)
as well as supercomplexes structures. The red arrow (1) points to the
position where CIII2 should be located. The red arrow (2) points to
complex II that resembles complex II in dierentiated cells.
Importantly, despite the observed increased cellular respiration, dier-
entiated trophoblasts are still mostly relying on glycolysis for energy
production (Vega-Naredo et al. 2014). These data suggest that the main
role of mETC during dierentiation is not energy supply. Instead, cellu-
lar respiration probably plays an important regulative role.
4.3 mETC activity is important for dier-
entiation of P19 cells
We aimed to elucidate the role of mETC activity in dierentiation reg-
ulation. For that reason, we used two dierent methods to disrupt the
electron ow through the mETC. Firstly, we used chemicals that bind to
complex I, III or IV and block electron ow. Secondly, we reduced the
amount of the nal electron acceptor { oxygen { by cultivating cells un-
der hypoxic conditions (1 % O2). Both approaches gave the very similar
results: disrupted mETC activity increased the eciency of CK8/18+
trophoblast formation during dierentiation, whereas neuron dierentia-
tion was almost completely blocked (Figures 3.8, 3.10, 3.11, 3.14).
81
Discussion
Importantly, both inhibitors and hypoxia did not prevent dierentiation,
but directed it into a certain cell type. The trophoblast dierentiation is
probably preferable under hypoxia conditions and inhibitors treatments.
These results may reect a biological meaning: low mETC activity could
be a result of the low oxygen supply of an embryo. Under hypoxic con-
dition, there is no reason to produce high energy-demanding cells like
neurons. At the same time, the formation of CK8/18+ placenta cells
production may facilitate the oxygen supply from the maternal organ-
ism.
The eciency of dierentiation was estimated by expression of dierenti-
ation markers CK 8/18 (for trophoblast dierentiation) and b-III-tubulin
(for neuron dierentiation). We used Western Blot method to analyze
the respective protein amount in lysed cells. The main disadvantage is
the fact that Western Blot is a semi-quantitative method. Probably due
to this fact, we observed a high variation between repeats in some mea-
surements (Figure 3.8 B Rot; 3.10 B Rot; 3.14 B; 3.15 C). To conrm
observed with Westen Blot analysis changes in marker protein amount
we also performed immunocytochemistry with further visualization by
microscopy (Figure 3.11) or ow cytometry (Figure 3.9). The results ob-
tained with Western Blot method stand in line with immunocytochem-
istry suggesting that our results reect biological meaning.
The observation that cell fate during dierentiation depends on the mETC
activity can, however, not be explained by the energy level, because the
inhibitors do not change ATP/ADP ratio in cells (Figure 3.12). There-
fore, we hypothesized that mETC activity blocked by inhibitors or by
the absence of terminal oxygen acceptor may produce more ROS. The
increased ROS level may trigger signaling pathways eventually leading
to the preferred trophoblast dierentiation. To test this hypothesis, we
monitored ROS level changes induced by inhibitors and hypoxia.
4.4 MitoSox staining to visualize ROS
The term reactive oxygen species (ROS) encompasses partially reduced
oxygen molecules that contain unpaired highly reactive electrons. The
primary ROS type { superoxide { is produced by premature reduction of
82
Discussion
the oxygen molecule with an electron that leaked from complex I or III.
As superoxide is highly reactive, it can oxidize a wide range of molecules
in cells causing severe damage. Therefore, superoxide is quickly detoxied
to less reactive ROS types such as hydroxyl or peroxide by cellular defense
mechanisms.
In the course of our work, we tested dierent methods for ROS visualiza-
tion in mammalian cells. We used approaches that measure the conse-
quences of oxidative stress (protein carbonylation and lipid peroxidation)
as well as ROS-sensitive uorescent probes (DCF-DA and MitoSox).
To visualize protein carbonylation we used the OxyBlot method. Car-
bonyl groups are formed by oxidation of arginine, lysine, threonine, or
proline residues by ROS molecules. Carbonyl groups can react with 2,4-
dinitrophenylhydrazine (DNPH) forming stable links. DNPH-linked car-
bonyl groups then can be detected by immunostaining with anti-DNPH
antibodies (Ping and Powell 2010). We used the OxyBlot method to mon-
itor ROS levels upon antimycin A treatment. Antimycin A increased the
amount of carbonyl groups in the mitochondrial fraction, but not in total
protein fraction (Figure 4.7). The eect of antimycin A on mitochondrial
protein carbonylation, however, was not reproducible in at least in half
of the repeats. Moreover, in a personal communication, Prof. Vladimir
Skulachov recommended not to use that method to compare ROS level
in stem cells and their dierentiated derivatives, because the protein
carbonylation eciency strongly depends on the conformation and ac-
cessibility of specic proteins. As the expression prole of dierentiated
cells and stem cells may be drastically dierent, we concluded that the
protein carbonylation method may not be suitable for our experiments.
Next, we tested the lipid peroxidation method with a commercial col-
orimetric kit (LPO-586 Kit by BioxyTech) that detects the level of the
lipid peroxidation product { malondialdehyde (MDA). In response to
antimycin A treatment we observed an elevated MDA level, which, how-
ever, was below the recommended range for an accurate measurement
and therefore was not accurate enough. Even upon applying diverse
methods to concentrate samples { as recommended by manufacturer {
trustful MDA concentrations could not be reached. Nevertheless, we still
regard the determination of lipid peroxidation products as a promising
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Figure 4.7: Antimycin A increases protein carbonylation of mi-
tochondria proteins. OxyBlot results showing immunostaining with
DNPH antibodies of 5 mg total proteins mitochondrial proteins extracted
from treated and untreated cells.
method to determin ROS levels. We are planning to test other protocols
for MDA measurement.
Next, we tested ROS-sensitive uorescent probes for ROS measurement.
Dichlorouorescin diacetate (DCF-DA), one of the most commonly used
uorescent probes, accumulates in the cytosol and is deacetylated by es-
terases to the non-uorescent Dichlorodihydrouorescin (DCFH). DCFH
is converted by ROS into uorescent DCF (525 nm emission). In our
experiments, DCF-DA proved to be sensitive to high antimycin A con-
centrations (5 mM compared to 0.25 mM used in main experiments) (Fig-
ure 4.8). In the presence of 0.25 mM antimycin A, we observed, however,
a high level of variance between various repeats, hence a statistically
signicant increase of the uorescence could not be documented. We
concluded that DCF-DA staining is not suited for further experiments.
The next tested ROS-sensitive probe was MitoSox (Thermo Fisher),
which specically measures superoxide in mitochondria. The core of
MitoSox molecule is hydroethidine, which easily diuses through lipid
membranes and accumulates in all cellular organelles. Inside the cell,
hydroethidine is oxidized to the positively charged uorescent molecule
2-hydroxyethidium (396/580 nm) that binds to nuclear and mitochon-
drial DNA.
To direct the superoxide-sensitive uorescent probe in mitochondria, hy-
droethidine has been linked to triphenylphosphonium, forming MitoSox.
Depending on the mitochondrial potential this lipophilic cation accumu-
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Figure 4.8: High concentrations of antimycin A increase DCF-DA
signal. Fold change of MFI DCF-DA staining followed by Antimycin A
treatment. * { p  0,05, p-values determined by one paired t-test (Zeller
2016, unpublished)
lates predominantly in the mitochondrial matrix (Forkink et al. 2010). In
order to optimally load MitoSox in mitochondria of P19 cells, we deter-
mined the following conditions: (1) the concentration of MitoSox should
be relatively low (1 mM compared to 5 mM as recommended by the man-
ufacturer); (2) loading should be short-term (15 min, as recommended
by the manufacturer); and (3) loading should occur in FBS-free media
(not mentioned by the manufacturer). Moreover, MitoSox should always
be loaded before the treatments to exclude their possible eects on the
mitochondrial membrane potential.
After optimization of the staining protocol, MitoSox provided a powerful
and accurate tool to monitor ROS production in P19 cells. It is not coin-
cidental, that MitoSox staining is currently the most popular ROS stain-
ing probe in mitochondrial research (Lee, Tak, et al. 2011; Mukhopad-
hyaya et al. 2007; Varum, Momcilovic, et al. 2009; Vega-Naredo et al.
2014).
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4.5 mETC inhibitors and hypoxia induce
ROS formation
We used MitoSox in further experiments as it provided a reliable tool
for ROS measurement. As expected, the disruption of the electron ow
through mETC complex I and III by chemical inhibitors resulted in in-
creased ROS production (Figure 3.13). The mechanism of ROS produc-
tion under these conditions is based on over-reduction of downstream
electron acceptors facilitating premature electron leakage and superox-
ide formation (Bleier and Drose 2013; Brand 2010; Kramer et al. 2003;
Starkov and Fiskum 2001). The complex IV inhibitor potassium cyanide
did not induce an increase of the MitoSox signal (Figure 3.13). The
probability that electrons leak from complex IV resulting in superoxide
formation is extremely low (Murphy 2009). Some researchers, however,
predict that complex IV inhibitors should induce reverse electron ow
through mETC, inducing a massive electron leakage (Galkin, Griven-
nikova, and Vinogradov 1999; Votyakova and Reynolds 2001). The pos-
sibility of a reverse electron ow is still under debate; our results suggest
that { at least in P19 cells { complex IV inhibition does not result in
reverse transport.
Interestingly, while the complex I inhibitor rotenone caused the strongest
eect on the MitoSox signal (Figure 3.13), it had less eect on P19 dif-
ferentiation (Figure 3.8, 3.10, 3.11). This observation can probably be
explained by the fact that the positively charged MitoSox preferentially
accumulates in the mitochondrial matrix. Electron leakage induced by
rotenone occurs from FMN in the peripheral arm of complex I (Figure
1.3) close to the matrix. By contrast complex III releases electrons into
the intermembrane space (Figure 1.4). Therefore, MitoSox staining is
probably more sensitive to superoxide produced by complex I.
As superoxide is dangerous for cells, it is quickly degraded by superoxide
dismutases (Sod1 and Sod2). We used the expression level of mitochon-
drial Sod2 as an indirect evidence for ROS production level in cells. In-
deed, mETC inhibitors increased Sod2 expression (Figure 3.13 C), with
antimycin A and myxothiazol showing the strongest induction. As they
also showed the strongest eects on the dierentiation potential we pro-
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pose that the relatively low MitoSox uorescence shifts are caused by the
specic MitoSox localization, not by weak ROS induction. Interestingly,
potassium cyanide also induced Sod2 production but did not show any
induction of MitoSox staining. This result can probably be explained
by the fact that cyanides block Sod1 activity (Rigo, Viglino, and Rotilio
1975). Possibly cells react to reduced Sod1 activity by increased Sod2
expression to compensate superoxide production.
Our data shows that hypoxia also slightly induces ROS production (Fig-
ure 3.14 C). This observation corresponds to numerous previous studies
(Bell et al. 2007; Murphy 2009; Sanjuan-Pla et al. 2005; Waypa et al.
2011). However, we monitored only a relatively low increase of MitoSox
uorescence of around 7 %. Two possible reasons can be envisaged to
explain this result: (1) hypoxia probably induces superoxide production
from complex III (Bell et al. 2007; Guzy and Schumacker 2006) in the
intermembrane space. As discussed above, MitoSox staining is proba-
bly less sensitive to superoxide in the intermembrane space due to the
dye's matrix localization. (2) During the measurement, the cells were
exposed to normal oxygen level during measurement. As the half-life
time of superoxide is low, MitoSox staining can be strongly inuenced by
short-term normal oxygen concentration resulting in a decreased MitoSox
signal.
4.6 ROS as a regulator of P19 dierentia-
tion
Our results show that mETC disruption inuences cell dierentiation
and at the same time induces ROS formation, implying a link between
the ROS level and the observed phenotype. To test this suggestion, we
used paraquat as a further ROS inducer. Although the exact mechanisms
of paraquat-mediated ROS induction are still unclear there is strong ev-
idence that it primarily induces superoxide formation in mitochondria
(Castello, Drechsel, and Patel 2007). Our results are in line with this
report: paraquat increased both the MitoSox signal and Sod2 expres-
sion (Figure 3.15 C, Df). At the same time, paraquat increased CK8/18
expression (Figure 3.15 A). Obviously paraquat inuences the dierenti-
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ation potential of P19 cells in a very similar manner as mETC inhibitors.
Interestingly, addition of paraquat, which is a known neurotoxin, to the
growth medium during neural dierentiation induced cell death. The
lethal eects during neuronal dierentiation could be specic to neurons
and glial cells. Many authors discuss the neurotoxicity of paraquat in the
context of its ability to induce ROS formation (Castello, Drechsel, and
Patel 2007). Our results, however, argue against this simple interpreta-
tion: they show that the ROS production induced by paraquat (Figure
3.15 C) and by mETC are comparable (Figure 3.13). Nevertheless, ex-
periments with paraquat support the hypothesis that the dierentiation
potential of P19 cells is regulated through ROS induction.
It should be noted that the mETC inhibitors antimycin A and myxothia-
zol possess stronger and more reproducible eects on dierentiation than
the complex I inhibitor rotenone. As discussed above, the main dier-
ence between complex I and III ROS production is the location of the
site from which electrons can leak. An electron can escape from FMS of
complex I in the mitochondrial matrix, or from the Q0 site of complex
III in the intermembrane space. Superoxide in the matrix will be rapidly
degraded by Sod2 to hydrogen peroxide. As hydrogen peroxide cannot
freely diuse through the inner mitochondrial membrane, it is locked in
the matrix. By contrast, superoxide in the intermembrane space, the
most oxidized compartment of mammalian cells, is degraded by Sod1 to
hydrogen peroxide. As a long living ROS type it can penetrate the mito-
chondrial outer membrane and inuence the redox state of the cytoplasm
and the nucleus.
By no means, the eect of ROS production on dierentiation is unique
for the P19 cell line. Adequate ROS levels were shown to be important
for the maintenance of neuron stem cells (Le Belle et al. 2011) and em-
bryonic stem cells (Morimoto et al. 2013) proliferation. Moreover, ROS
production increased the eciency of muscle dierentiation (Lee, Tak,
et al. 2011). Combining our results with previously published data we
suggest that ROS signaling is a prominent regulator of stem cell dier-
entiation.
88
Chapter 5
Outlook
Our work suggests that an increase of ROS levels caused by either in-
hibitors or hypoxia inuences cell fate during dierentiation. The exact
mechanism of regulation, however, remains elusive.
To reveal the underlying regulative signaling we aimed to identify the
eect of complex III inhibitors and hypoxia on gene expression in P19
cells. As both conditions cause the same eects, the gene expression
proles should reveal common patterns and eventually help to predict
signaling pathways that are involved in regulation.
We decided to use myxothiazol as complex III inhibitor due to its sta-
ble and reproducible eects on the dierentiation potential. Microarray
analysis was used as the method to investigate gene expression proles.
mRNA was extracted from P19 cells incubated for 12 hours with myxoth-
iazol or under hypoxic conditions as well as from control cells, transcribed
to cDNA, labeled and hybridized on a chip containing slots for all mouse
protein encoding genes and some known regulative non-coding RNAs
(Agilent Genomics 3 GX).
Microarray data were analyzed with the GeneSpring software (Agilent
Genomics). To reduce false-positive expression changes background cor-
rection with 20th percentile cut-o was performed. Expression rates
in myxothiazol and hypoxic samples were compared to control sam-
ples to reveal fold-changes of gene expression using unpaired t-test with
Benjamini-Hochberg corrections. All statistically signicant expression
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Figure 5.1: Similar gene expression patterns in myxothiazol and
hypoxia treated samples. Venn diagrams demonstrate up-regulated
(top diagram) and down-regulated (bottom diagram) genes in myxothia-
zol (red) and hypoxia (blue) samples and their overlap. n=4 for hypoxia
and control samples; n=3 for myxothiazol treated cells.
changes that were lower 1.5 were considered biologically not signicant
and therefore cut o.
Myxothiazol and hypoxia altered the expression of 6209 and 1026 genes,
respectively (Figure 5.1). Of these, 48 genes were similarly down-regulated
and 170 similarly up-regulated (Figure 5.1). While the down-regulated
genes did not show any common patterns in the Gene Ontology analy-
sis, the up-regulated genes showed an abundance of 27 genes encoding
mitochondrial proteins (Table 5.1).
Table 5.1: Overproduction of mitochondria-localized proteins in treated
cells. Fold-changes of mRNA amount in samples grown under hypoxic
conditions (Hyp) or treated with myxothiazol for 12 h (Myx) compared
to control untreated P19 cells.
Hyp Myx Gene Description/GenbankAccession
11.395 11.661 Oxld1 oxidoreductase like domain containing
1, mRNA NM025560
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12.362 12.460 Cox7a1 cytochrome c oxidase subunit VIIa 1,
mRNA NM009944
5.763 5.582 Cyb5r2 cytochrome b5 reductase 2, transcript
variant 2, mRNA NM177216
9.071 8.472 Adck3 aarF domain containing kinase 3, tran-
script variant 1, mRNA NM023341
10.430 10.925 Abcg1 ATP-binding cassette, sub-family G,
member 1, mRNA NM009593
13.337 13.350 Plcd1 phospholipase C, delta 1, transcript
variant 2, mRNA NM019676
11.357 11.474 Bphl biphenyl hydrolase-like (serine hydro-
lase, breast epithelial mucin-associated
antigen), mRNA NM026512
15.039 14.867 Shmt2 serine hydroxymethyltransferase 2 (mi-
tochondrial), transcript variant 1,
mRNA NM028230
11.858 11.810 Endog endonuclease G , mRNA NM007931
10.827 10.819 Fahd1 fumarylacetoacetate hydrolase domain
containing 1, mRNA NM023480
9.345 9.925 Letmd1 LETM1 domain containing 1, mRNA
NM134093
10.818 11.030 Pycr1 pyrroline-5-carboxylate reductase 1
ENSMUST00000026133
7.653 7.851 Cox6a2 cytochrome c oxidase subunit VIa
polypeptide 2, mRNA NM009943
9.895 10.226 Nudt13 nudix (nucleoside diphosphate linked
moiety X)-type motif 13, mRNA
NM026341
13.274 13.444 Dgat2 diacylglycerol O-acyltransferase 2 ,
mRNA NM026384
8.008 8.371 Acad12 acyl-Coenzyme A dehydrogenase fam-
ily, member 12 (Acad12), mRNA
NM178799
9.258 9.092 G0s2 G0/G1 switch gene 2 (G0s2), mRNA
NM008059
8.778 9.514 Acad11 acyl-Coenzyme A dehydrogenase fam-
ily, member 11, mRNA NM175324
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11.730 12.408 Slc27a3 solute carrier family 27 (fatty acid
transporter), member 3, mRNA
NM011988
9.964 9.931 Reep1 receptor accessory protein 1, mRNA
NM178608
10.15 10.533 Exog endo/exonuclease (5'-3'), endonuclease
G-like, transcript variant 1, mRNA
NM001172136
8.004 6.919 Cyb5r2 cytochrome b5 reductase 2, transcript
variant 1, mRNA NM001205227
4.374 4.291 Prss35 serine 35 (Prss35), mRNA NM178738
6.915 7.709 Ggnbp1 gametogenetin binding protein 1, tran-
script variant 1, mRNA NM027544
7.823 8.493 Letmd1 LETM1 domain containing 1
(Letmd1), mRNA NM134093
10.75 11.042 Oxld1 oxidoreductase like domain containing
1, mRNA NM025560
7.022 8.121 Lyrm5 LYR motif containing 5, ENS-
MUST00000126007
The biological meaning of the microarray analysis was analyzed with
the Ingenuity Pathway Analysis (IPA) software (Qiagen) predicting up-
stream regulation that could cause the observed changes in the expres-
sion prole. Moreover, it provides information about dierent groups
of genes and their predicted phenotypic changes (Figure 5.2). The IPA
software suggested several possible upstream regulators (Table 5.2), in-
cluding HNF4A { lipid metabolism activator; ESR1 and ERBB2 { sig-
naling molecules that regulate cell growth; huntingtin and amyloid b pro-
tein causing cell misling stress; MYC and TGFB1 that inuence stem
cell proliferation and dierentiation. However, a trustful score above 10
(as recommended by the manufacturer) for both conditions was demon-
strated only for p53. Accordingly, p53 is the most prominent candidate
that can explain most gene expression changes under both conditions.
HNF4A, ESR1, ERBB2, MYC, TGFB1 are also activated and regulate
cell metabolism and proliferation rate. Huntingtin and amyloid b pro-
tein showed up in the analysis because myxothiazol and hypoxia caused
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Figure 5.2: Analysis of microarray data by IPA software. The
known experimental data (gene expression prole and phenotype) are
marked with a grey frame. The mathematical algorithm based on the
gene expression prole predicts an upstream regulator that is activated
in both samples (hypoxia and myxothiazol) and that can cause observed
changes in gene expression (grey discs). Then using Qiagen database the
program analyses how gene expression prole can inuence cell signaling
pathways and functions. The researcher then judges if the changes in
cellular functions can cause observed phenotype.
misfolding, mimicking neurodegenerative diseases.
The p53 was discovered as a tumor suppressor which is expressed in all
mammalian cells. Under normal conditions, p53 is inactive and rapidly
degraded by the ubiquitin ligase Hdm2. Cellular stress of various origins
induces Hdm2 degradation. p53 accumulates in the cytoplasm, migrates
to the nucleus and induces gene expression (Vousden and Lu 2002).
Table 5.2: The table shows predicted by IPA software upstream regula-
tors that are activated in both myxothiazol and hypoxia treated samples.
Scores show  log(p   value). The score demonatrates the probability
that this regulator is activated in the sample.
Upstream regulator Hyp Myx
p53 12.31 21.63
HNF4A 6.33 16.56
ESR1 7.67 14.56
Huntingtin 6.78 10.31
ERBB2 6.54 10.27
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Amyloid b protein 6.58 6.65
p63 5.57 6.13
MYC 14.65 9.84
TGFB1 8.30 6.44
IPA and UniProt database analysis showed that p53 signaling is involved
in a wide range of developmental processes. In the present case, the most
important is its inuence on stem cells. Activated p53 signaling caused
quiescence of haematopoietic stem cells and neuronal stem cells (Cheng
et al. 2000; Kippin, Martens, and Van Der Kooy 2005; Liu, Elf, et al.
2009). Moreover, p53 signaling prevented iPSCs (Lake et al. 2012) induc-
tion and induced spontaneous dierentiation of human embryonic stem
cells (Maimets et al. 2008). All available data show that p53 signal-
ing activation leads to a preferred asymmetrical division of stem cells,
thereby inducing dierentiation and preventing proliferation. p53 inu-
ences cell division via p21. Induction of p21 elongates the G1-phase of the
cell cycle eventually increasing the dierentiation potential of stem cells
(Cheng et al. 2000; Gartel and Radhakrishnan 2005; Kippin, Martens,
and Van Der Kooy 2005; Maimets et al. 2008). Moreover, p53 signaling
activation could explain the reduced neural dierentiation. It was shown
by several groups, that p53 signaling activation causes apoptosis in both
neurons and neuron stem cells (Colombo et al. 2005; Lee, Kim, et al.
2007; Vogel and Parada 1998). Finally, it is important to mention that
p53 is a ROS-sensing molecule (Bigarella, Liang, and Ghaari 2014). Ox-
idized and reduced p53 forms have a dierent capacity for DNA-binding
and target dierent DNA sequences (Parks, Bolinger, and Mann 1997).
Moreover, multiple studies show that ROS levels can inuence the post-
translational modication of p53 inuencing its activity and degradation
(Liu, Chen, and Clair 2009).
In summary, based on our microarray analysis and published data we sug-
gest that p53 is a prominent candidate that can connect ROS increase
with the dierentiation potential of P19 cells. In our further work, we
aim to test this hypothesis. Firstly, we are planning to monitor cell cycle
changes during inhibitor treatments and under hypoxic growth condi-
tions. If our hypothesis is correct, mETC inhibitors and hypoxia should
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cause an elongation of the G1-phase due to activation of p53 signaling.
Secondly, we are planning to induce p53 signaling using nutlin treatment.
Nutlin is a small molecule that binds and inactivates Hdm2, thus pre-
venting p53 degradation (Vassilev et al. 2004). We expect that nutlin
treatment should cause the same phenotype as mETC inhibitors treat-
ments and hypoxia conditions.
A number of published data showed an association between p53 signaling
and stemness. However, there are no data indicating that p53 signaling
induces a specic cell type dierentiation. Here we provide evidence for
an association between p53 signaling activation and induced trophoblast
dierentiation. Additionally, we were able to conrm previous studies
showing that p53 is a negative regulator of neural dierentiation. Our
work paves the way to a better understanding of the link between ROS
and p53 signaling in stem cell dierentiation.
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